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ABSTRACT 

Renewed interest in the mechanism of action of 
adenoSine and its nucleotides has been generated by recent 
evidence of both humoural and neural physiological roles 
for these substances. Adenosine and the adenine 
nucleotides have also been demonstrated to elevate cyclic 
AMP levels in certain tissues and cultured cell lines. 
Cyclic nucleotides may be codeterminants of snea muscle 
tone and, in particular, relaxation by beta-adrenergic 
agonists has been associated with enhanced intracellular 
cyclic AMP levels. The hypothesis was tested that 
adenosine and its nucleotides relax smooth muscle Dy 
elevating tissue cyclic AMP content in a manner analogous 


to that proposed for the beta-adrenergic catecholamines. 


In the isolated longitudinal muscle of the rabbit 
intestine, adenosine and its nucleotides were equipotent 
in inhibiting spontaneous isometric contractions and dose- 
dependent responses were observed between 0.1 and 100uM. 
Although progressively diminished by storage at 40°C, 
responses were unaffected by local anaesthetics, 
guanethidine and reserpine, indicating that the drugs act 
directly on smooth muscie. Responses to adenosine and ATP 
were similarly unaffected by inhibitors of nucleoside 


transport, adenosine deaminase of 5*-nucleotidase or by 
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imidazole or 1-methyl,3-iscbutylxanthine, but they were 
antagonised by theophylline. The antagonism could be 
overcome by higher doses of agonist. Autoinhibition was 
observed with cumulative doses of adenosine or ATP and was 
Mutually effective. Results were consistent with a common 
extracellular site of action for adenosine and its 


nucleotides. 


By investigation of a small series of available 
adenosine analogues, the moieties necessary for adenosine= 
like activity in the rabbit intestine were found to be a 
primary or secondary amino group at the N® position and 
hydroxyl groups at the 2'= and 3'=-positions. 8= 
bromoadenosine was inactive. No antagonistic activity was 


observed with inactive analogues. 


Adenosine, at or abcve 10uM, inhibited adenylate 
cyclase prepared from a variety of mammalian tissues. In 
rat brain and rabbit heart the inhibition was shown to be 
non-competitive with respect to ATP, Among the series of 
adenosine analogues, no correlation was found between 
analogues which relaxed longitudinal muscle and those 
which inhibited adenylate cyclase prepared from that 
tissue. It is concluded that adenosine-induced inhibition 
of cyclase, although apparently a general phenomenon of 


mammalian systems, need not participate in pharmacological 
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responses to adenoSine. 


No change in tissue cyclic AMP content, as assayed by 
a protein binding method, was found in response to 1-= 
1000uM adenosine - or to 100=-1000um ATP, The 
phosphodiesterase inhibitors theophylline and j-methyl,3- 
isobutylxanthine did not modify this outcome, although 
theophylline antagonised adenosine responses and methyl-= 
isobutylxanthine caused relaxation as well as a small 
increase in cyclic AMP levels when given alone. 
Significant increases in tissue cyclic AMP were also 
observed with isoproterenol and epinephrine. No support 
was therefore obtained for the hypothesis that adenosine 


relaxes smooth muscle by elevating tissue cyclic AMP. 
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CHAPTER 1 


In 1929 Drury & Szent-Gyorgyi identified as adenylic 
acid the active principle in extracts from mammalian 
hearts which caused depression of blood pressure and heart 
rate and increased coronary flow in anaesthetised animals. 
Similar responses were elicited by injection of AMP or 
adenosine. Since that date, pharmacological responses to 
adenosine and its nucleotides have been described in many 
systems and by many authors. Generally these substances 
are smooth muscle effectors, relaxing most vascular, 
mammalian intestinal and bronchial muscle and exciting a 
few systems, including renal and lung vasculature (Drury, 
1936), urinary bladder, vas deferens and intestine of 
lower vertebrates (Burnstock, | 1972). Intermediate 
responses involving both inhibitory and excitatory phases 
are observed with both adenosine and its nucleotides in 
the gut and uterus of some species (Burnstock, 1972 and 
Burnstock et al., 1972b). Adenosine, as opposed to its 
nucleotides, will not contract urinary bladder (Burnstock 
et al., 1972a), indicating that the nucleoside does not 


share all the effects of its nucleotides. 
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Other pharmacological effects of adenosine which have 
been discovered over the past fifty years are negative 
chronotropic and inotropic responses in the heart (Drury 6& 
Szent-Gyorgyi, 1929), observed at doses higher than 
necessary to increase coronary flow (Schoendorf et al., 
1969), inhibition of thrombocyte aggregation (Born et alice: 
1964) and an insulin-like effect in adipose tissue (Dole, 
1961 and 1962). The ability of adenosine and 2S 
nucleotides to elevate cyclic AMP levels in slices of 
brain tissue and other cultured cell types is described in 


Section 1.4. 


Although adenoSine and its nucleotides elicit both 
inhibitory and excitatory responses in smooth muscle, it 
has so far proved impossible to distinguish betweeen the 
receptors responsible for these two types of action. fhe 
same order of potency of the substances (ATP 2 ADP > AMP 2 
adenosine) has been observed by most workers for both 
types of responses, but Burnstock (1972) remarked that the 
true relative potencies of these analogues may be obscured 
by the rapid uptake of adenosine into tissues. Relative 
potencies may also be influenced by rapid metabolism of 
the nucleotides by extracellular phosphorolytic enzymes. 
Burnstock et al. (1975), however, reported that the 


'rebound contraction! following inhibition of intestinal 
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tone by ATP, which is observed in many species, is blocked 
by indomethacine. They concluded that this rebound 
phenomenon, which is observed after ATP washout, is 
mediated by a prostaglandin. The major obstacle in the 
eitchaati on of the mechanism or mechanisms of adenosine 
action is the current lack of an effective competitive 
antagonist for any response to adenosine or adenine 


nucleotides. 


Kuebler & Bretschneider (1963) demonstrated that, 
although uptake of 6.5=-5mM adenosine into erythrocytes 
followed Michaelis-Menton kinetics and was temperature 
dependent, transport was not inhibited by sodium fluoride 
(a potent inhibitor of ATPase) and possessed a low 
activation energy Similar towethat s for faciiacared 
diffusion. Since intracellularly transported adenosine 
was rapidly phosphorylated or deaminated, exchange 
diffusion could not be demonstrated, but transport was 
inhibited by inosine. Kuebler & Bretschneider (1963) 
concluded that adenosine and other nucleosides permeate 
erythrocyte membranes by facilitated diffusion. Oliver & 


Paterson (1971) demonstrated that the specificity of the 
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erythrocyte transport mechanism encompassed both purine 
and pyrimidine nucleosides and that uridine efflux was 
enhanced by extracellular adenosine. The mechanism was 
inhibited by dipyridamole (Kuebler & Bretschneider, 1964) 


and by nitrobenzylthioguanosine {Brown & Paterson, 1971). 


These drugs also inhibit the transport mechanism in 
dog heart (Olsson, 1972), which has much stricter binding 
requirements resembling those for adenosine-like activity 
in the myocardium (Olsson et al., 1973). Dipyridamole was 
found by Hopkins & Goldie (1971) to block adenosine uptake 
into guinea-pig heart but not into rat heart. To account 
for this species difference and in view of the fact that 
dipyridamole selectively reduced adenosine phosphorylation 
in slices of guinea-pig heart while having no effect on 
adenosine metabolism (phosphorylation or deamination) in 
rat heart slices, Hopkins 6& Goldie proposed that 
dipyridamole inhibits a membrane-bound adenosine kinase 
which is not present in rat heart and which is responsible 
for most of the accumulation of radioactivity when guinea- 
pig heart is exposed to radioactive adenosine. Hulme 6& 
Weston (1974b) similarly concluded that dipyridamole, 
hexobendine and lidoflazine inhibit adenosine 
phosphorylation in the longitudinal muscle of the rabbit 
intestine and that, by so doing, these drugs allow 


accumulation of intracellular adenosine, reduce the 
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transmembrane concentration gradient and prevent passive 
influx of extracellular adenosine. Plagemann (1971), Roos 
& Pfleger (1972) and Schrader et al. (1972), however, 
performed more careful studies which all indicated that, 
whereas at low extracellular concentrations adenosine is 
transported across biological membranes by a carrier- 
mediated system, above 0.1mM a component of eecire 
diffusion begins to predominate. The metabolic fate of 
adenosine depends upon its intracellular concentration, 
the Km for adenosine kinase being lower than that for 
either deanine se or transport (Schrader et al., 1972 and 
Olsson et al., 1972). Since each of these groups of 
workers found that dipyridamole competitively inhibited 
Carrier-mediated diffusion and not phosphorylation of 
adenosine by broken-cell preparations, they concluded that 
transport is the rate-limiting step in the phosphorylation 
reaction and that transport inhibitors therefore appear to 
inhibit phosphorylation selectively. Adenosine was 
Substantially deaminated only if the extracellular 
concentration was sufficiently high to allow simple 
diffusion to raise intracellular adenosine towards the Km 


for deaminase. 


Adenosine nucleotides are not believed to permeate 
cell membranes per se, but seem to be transported as 


adenosine in mouse aScites tumour cells (Williams & le 
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Page, 1958), myocardium (Hoffmann & Okita, 1965 and 
Hopkins, 1973a) and guinea-pig taenia coli (Lynch, see 


Burnstock, 1972). 


Responses to adenosine and its nucleotides in several 
tissues are antagonised by a number of antimalarial drugs, 
including mepacrine, quinine and quinidine (Madinaveitia §& 
Raventos, 1949). Adenosine has been postulated to play a 
role in the pathogenesis of malaria (Onabanjo & Maegraith, 
1970) and a parallelism between antimalarial activity and 
antagonism of adenosine responses was reported by the 
former workers. The cinchona alkaloids and their 
derivatives are not, however, specific adenosine 
antagonists, since Burnstock et al. (1970) reported that 
they antagonise catecholamine=induced responses in guinea- 
pig taenia coli at doses lower than those required to 
antagonise responses tc ATP. Similar non-specific 
antagonism is observed with high doses of phentolamine and 


imidazole. 


Burnstock (1972), in discussing the conclusion of 
Arulappu (see Burnstock, 1972) that quinidine blocks 


relaxant responses to adenosine in the uterus while 
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phenothiazines and dibenzazepines block contractile 
responses in the same tissue, argued that these drugs do 
not selectively antagonise inhibitory or excitatory 
responses in gut or bladder, 2-2'=pyridylisatogen has 
recently been reported to be a specific, non-competitive 
antagonist for ATP responses in guinea-pig caecum 


(Spedding et al., 1975). 


1.1.2.1. Methylxanthines. 


The methylxanthines which, aS purines, bear certain 
structural resemblances to adenosine, are also adenosine 
antagonists. Theophylline, which appears to be the most 
potent of the methylxanthines, antagonises the effects of 
adenosine and ATP on coronary flow (Afonso, 1970; 
Schaumann et al., 1970 and Wadsworth, 1972), cardiac trate 
and force (Ther et al., 1957; Afonso & O'Brien, 1970 and 
Schaumann et al., 1970), systemic blood pressure (Afonso & 
O'Brien, 1970 and Schaumann et al., 1970), platelet 
aggregation (Schaumann et al., 1970 and Mills & Smith, 
1971) and cyclic AMP accumulation in brain slices (Sattin 
& Rall, 1970). The influence of theophylline on adenosine 
responses in isolated smooth muscle has, however, not been 
widely reported. The distinguishing feature of 


theophylline is that, at doses which antagonise adenosine 
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responses, no antagonism of responses to catecholamines or 
acetylcholine occurs; on the contrary, catecholamine 
responses are freguently potentiated. Only Bowman & Hall 
(1970) reported that, in rabbit intestine, theophylline 
did not distinguish between catecholamine- and adenosine- 
or ATPeinduced relaxation. The methylxanthines also 
possess other pharmacological properties which “may 
contribute to their inhibition of adenosine and nucleotide 
responses and which restrict their usefulness for 


selective purposes. 


Inhibition of phosphcodiesterase has been suggested as 
a mechanism whereby theophyliine antagonises adenosine 
responses in the myocardium (Schaumann et al., 1970), but 
no supportive evidence was presented by these workers. On 
the other hand, the opposing effects of adenosine or 
analogues and theophylline on lipolysis may be partly due 
to divergent effects on cyclic AMP in adipose tissue 


(Davies, 1968; Dietmann & Juhran, 1971 and Fain, 1973). 


Theophylline antagonises intracellular transport of 
adenosine and other nucleosides (Huang & Daly, 1974; 
Plagemann & Sheppard, 1974 and Woo et al., 1974). Huang & 
Daly, however, found that this could not account for the 
inhibition by theophylline of adenosine-induced elevation 


of cyclic AMP in brain slices. Since adenosine transport 
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inhibitors generally potentiate adenosine responses (see 
Section 1.1.3), Woo et al. (1974) suggested that, due to 
its purine structure, theophylline binds to both the sites 


of action of nucleosides and to their transport sites. 


Despite evidence that caffeine promotes transmembrane 
calcium exchange in the heart and that adenosine produces 
the opposite effect (Nayler, 1963; Grossman & Furchgott, 
1964 and Guthrie & Nayler, 1967), Chiba et al. (1973) were 
unable to demonstrate any effect of high calcium on 
adenosine responses in the sinus node. Grossman 6& 
Furchgott (1964) cautioned that the rate of calcium 
exchange may reflect, rather than initiate, changes in 
myocardial contractility, but WNayler & Hasker (1966) 
demonstrated that caffeine releases calcium bound to 
subcellular fractions of cardiac muscle, De Gubareff §& 
Sleator (1965) suggested that antagonism between caffeine 
and adenosine on myocardial contractility is exerted at a 
critical calcium-binding site controlling the availability 
of calcium to the contractile machinery. Somlyo & Somlyo 
(1968) suggested that caffeine also mobilises calcium in 
vascular smooth muscle, causing an initial contraction 
which is superceeded by cyclic AMP=-mediated relaxation. 
Although effects of theophylline on calcium movements have 
not been intensively studied, evidence that the positive 


inotropic effect of theophylline is more likely to be due 
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to mobilisation of intracellular calcium or enhanced 
calcium influx than to inhibition of cyclic nucleotide 
phosphodiesterase was presented by McNeill et al. (1969). 
Bellemann & Scholz (1975) found the inotropic effect of 
theophylline to be dependent on extracellular calcium and 
furthermore dissociated the pharmacological effect from 
uptake of the drug. This suggests that theophylline acts 
at the plasma membrane, possibly, but not necessarily, to 
modify directly transmembrane calcium flux. Hee ES 
therefore possible that both caffeine and theophylline 
interact with adenosine on the availability of cytoplasmic 
calcium in the heart and conceivably also in smooth 


muscle. 


In contrast to the above evidence, theophyiline and 
other methylxanthines selectively antagonise the 
accumulation of cyclic AMP induced by adenosine in brain 
Slices (Sattin & Rall, 1970; Huang et al., 1972 and Huang 
& Daly, 1974), mouse neuroblastoma cells (Blume et al., 
1973), astrocytoma cells (Clark et al., 1974) isolated 
bone cells (Peck et al., 1974) and thrombocytes (Mills & 
Smith, 1971). Haslam 6& Lynham (1972) have demonstrated 
inhibition by theophylline of an adenosine=-sensitive 
adenylate cyclase in thrombocytes. The conclusion drawn 
by these and other workers is that theophylline 


antagonises the action of adenosine at a specific 
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extracellular receptor in close association with adenylate 
cyclase. Clark & Gross (1974) concluded that in 
astrocytoma cells the antagonism at this site is 
competitive. Thus, methylxanthines are specific 
antagonists of the effects of adenosine in several related 
systems, theophylline being the most potent. Despite the 
complicated action of theophylline which appears to 
proceed by several mechanisms and its relatively poor 
selectivity in some systems, it would appear to be the 
best choice at this time for studies of the antagonism of 
the response to adenosine, especially in systems where an 


effect of adenosine on adenylate cyclase is postulated. 


Although Deuticke & Gerlach (1966) found a 
correlation between the ability of dipyridamole (and a 
series of its derivatives) to inhibit adenosine deaminase 
and to potentiate adenosine=induced coronary dilation, a 
closer dose relationship has been found between 
potentiation of responses and inhibition of adenosine 
uptake by tissues (Pfleger et al., 1969 and Kuebler et 
al., 1970), as first suggested by Kuebler & Bretschneider 
(1964). Drugs which inhibit adenosine transport into 


cells are widely reported to potentiate responses to 
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adenosine and its nuclectides. These drugs are most 
effective in intact animals where uptake of adenosine into 
various organs is the primary means of inactivation of 
adenosine and nucleotides, The significance of rapid 
uptake of adenosine into the lung of some species and of 
inhibition of this process by dipyridamole and hexobendine 
has been emphasised by Pfleger & Schoendorf (1969), 
Kolassa et ai. (1970) and Afonso & O'Brien (1971). 
Pfleger et al. (1969) also demonstrated potentiation of 
adenosine-induced cardiac depression by inosine via a 
Similar mechanism. Lidoflazine, however, appears to 
possess an additional potentiatory action (Hopkins, 
1973b), possibly exerted on the smooth muscle itself 
(Afonso et al., 1968). In studies using isolated tissues, 
contradictory results have been obtained with transport 
inhibitors (Stafford, 1966; Hopkins & Goldie, 1971; 
Satchell et al., 1972 and Hulme & Weston, 1974a), possibly 
due to the interplay between extracellular phosphorolytic 
enzymes, adenosine concentration, total extracellular 
adenosine, mechanism and rate of adenosine uptake by the 


tissue and its metabolic fate. 


Ouabain, an inhibitor of sodium-potassium activated 
ATPase, potentiates responses to adenosine in guinea-pig 
heart (Rand et alin, 1955) but also potentiates 


acetylcholine responses (Rand & Stafford, 1957). Since 
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Axelsson & Holmberg (1969) found that g=strophanthin did 
not influence ATP-induced relaxation of the guinea-pig 
taenia coli, inhibition of ATPase may not be regarded as a 
selective means of modifying responses to adenosine or 


ATP. 


Since adenosine readily permeates cell membranes (see 
Section 1.1.1) and therefore has the potential to 
interfere in many biochemical reactions, its _ site of 
action in all tissues is certainly not upon a classical 
pharmacological ‘receptor’. Nevertheless, the facts that 
the nucleotides, which are unlikely to enter cells per Se, 
are frequently more potent than adenosine and also that 
inhibitors of adenosine transport do not antagonise 
responses but on the contrary frequently potentiate then, 
indicate that in the cardiovascular system, in smooth 
muscle and in the brain an extracellular site of action is 
most likely. Among these systems, attempts are being made 
to characterise the binding requirements at specific 
"receptor! sites. Despite the lack of good 
pharmacological tools, evidence of the existence of more 
than one adenosine receptor has lain latent since wedd 


(1931) reported that whereas 3"-AMP, like 5'=-AMP, is an 
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effective coronary vasodilator, 3'=-AMP isa relatively 
weak cardiodepressant. Similar findings were reported by 
James (1965). Finally, Einstein et al. (1972), on the 
basis of divergent effects of 2-alkylthio- as opposed to 
2-halogeno-adenosines and adenosine itself, postulated the 
existence of ‘cardiac' and ‘vascular smooth muscle' 


receptors which differ in binding requirements. 


Born et al. (1965) has found the relative potencies 
of a series of adenosine analogues to be equivalent as 
inhibitors of thrombocyte aggregration and as vasodilators 
in man, but unfortunately his series did not encompass the 
2-alkylthio-adenosines, the group found to be ineffective 
on cardiac receptors by Einstein et al. Sattin & Rall 
(1970) and Huang et al. (1972) provided evidence that the 
binding requirements in hkrain are essentially Similar to 
those in smooth muscle, namely that the amino group in the 
6-position and an intact ribose ring are essential for 
activity. The effects of 2-alkylthioadenosines in brain 
have not yet been reported. In all these systems, inosine 


and adenine are virtually inactive. 


Further possible differences in binding requirements 
were delineated by Leslie et al. (1973) who concluded 
that, whereas analogues with a modified purine Cing are 


more effective in relaxing guinea-pig ileum than they are 
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in relaxing guinea-pig aorta, 2'=-deoxyadenosine relaxes 
vascular smooth muscle but is inactive in the intestine. 
It is as yet unknown whether any of these receptors which 
demonstrate different binding requirements for activation 
reflect pharmacologically and biochemically distinct 
entities, perhaps analogous to the alpha and beta 
receptors for the catecholamines, or whether they merely 
represent a range of subgroups as is observed within the 


category of beta-adrenergic receptors, 


Ever since pharmacological responses to adenosine and 


its nucleotides were first observed, considerable 
speculation has taken place concerning possible 
physiological roles for these ubiquitous substances. In 


an early revue, Drury (1936) discussed the possibility 
that adenosine is involved in reactive hyperaemia and 
vasodilation accompanying muscular activity 
(autoregulation), among other possibilities. Almost 
thirty years later Berne (1963) presented evidence that 
adenosine is a metabolic product during hypoxia and could 
be responsible for autoregulation of coronary flow, 


Further interest in the pharmacological effects of 
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adenosine and its nucleotides was initiated in 1970 when 
Burnstock et al. postulated that ATP or a related adenine 
nucleotide is the transmitter at non-adrenergic inhibitory 
nerve terminals in the gut. According to these two 
hypotheses, adenosine and/or ATP resembles 
epinephrine/noradrenaline in possessing both humoural and 
neural physiological roles. The evidence for each of 


these hypotheses is considered independently below. 


Berne proposed in 1963 that adenosine is the mediator 
of coroners autoregulation on the basis of the observation 
that breakdown products of adenosine appear in the 
perfusate from hypoxic but not from normal hearts. 
Although these metabolites (inosine and hypoxanthine) are 
inactive, the quantity of the parent compound, adenosine, 
was calculated to be sufficient to account for the 
observed coronary dilation, Since adenosine, but not its 
nucleotides, freely permeates myocardial cells (Hoffman & 
Okita, 1965), adenosine was proposed to be the humoural 
agent responsible. In the same year Gerlach et al. (1963) 
elucidated the catabolic pathway for adenine nucleotides 
in heart and also concluded that sufficient adenosine is 


produced in myocardial cells during anoxia to account for 
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considerable coronary vasodilation after diffusion of the 
material into the vasculature. As further support for the 
hypothesis, Richman & Wyborny (1964) and Katori §& Berne 
(1966) were able to demonstrate adenosine itself in the 
perfusion fluid of hypoxic but not normal hearts, in the 
presence of S8-azaguanine, an inhibitor of adenosine 
deaminase, Adenosine could be detected in the absence of 
a deaminase inhibitor only subsequent to complete 
ischaemia or coronary occlusion (Imai et al., 1964; Rubio 


et al., 1969 and Olsson,1970). 


Since adenosine eouwd also be detected in venous 
blood from skeletal muscle after a period of ischaemic 
contraction (Berne et al., 1971 and Dobson et al., 1971), 
adenosine was also postulated to mediate autoregulation in 
that tissue. Tominaga et al. (1973) found that venous 
effluent from skeletal muscle undergoing postischaemic 
contraction, postexercise hyperaemia Or reactive 
hyperaemia, could produce renal vasoconstriction. Since 
adenosine and AMP are known to induce this opposing 
response in renal vasculature, their results are also 
consistent with the hypothesis of involvement of adenosine 


in autoregulation. 


Further support for the ‘adenosine’ hypothesis has 


been sought by several workers but conflicting reports 


rr 























dur “Yo rohan $22 “tedts natant ttoaty ¥ 
Ske VOX PAdgRe zHlsIwT oF .670 Yale oe 6s -aeee 
s19eG 3 £30008 Pas (eevt) yuiody Ne "cee a 
4% ab Sheets amisotets esatt2a0Ren bf “toe aoe fonery 
7 be ~22309d Legton son 20d Sivogyn 13" biwte- Pe LeaLe 
shieonteos % wOstdtint 4 ,Satneaapes 49° te hee 
5 ehaneds ac? pi bastere> «1 Sivos airs 2ugshh = 
S38 lanes og +n - di: ving i> ata syeazensh oe Xi 
lis a3 4 t) toreitveo yaanoms ze oer ts _ 
. (NEE Roeeio hie eaet te re -. 
; ao 


‘etdne poo eT 


20>" nz befoe7o> 35 oats pivos ‘an peoneoR 20ake> 7 
DE 4 POE tito. Holaso «i terts sivas {adnieae wont! boold ay 
creer ede ; jonfo? hes PTGt yoke 2a re} a0 FORTS AOS - : 
a? mr Lees Tpete tuy Steitean os tesa bateog Onee “268 ae 





Pytiuev te42 Gruvo? t6°eT) ~26 ae cps#iao? : Lonoke 
alusnloetiseq paioyashso =isonrar ie Tsieae- wort sanuehe | 


op istinag a0 sdecereTyd . Ae LVRS arsoQq° J mJ, 


ae 


spate’ ,ADESaLatenooccrv Jet. Sar po3g 1 


paisoyqe eins ehtbai of cvotd sae Sah hee Se 
tats “426 stihl “aied? ,soutalubany Apnea 


eens Ser roe 
Taree pa oe se 





— oa y 








18 


have also appeared. Moir & Downs (1972) found even high 
concentrations of adenosine and ATP to be incapable of 
increasing coronary flow to the extent observed in 
reactive hyperaemia and concluded that these substances 
are not the sole mediators of this response... Since 
reactive hyperaemia reflects pathological as opposed to 
physiological regulation of blood flow, it is likely that 
several vasodilatory substances, as well as noradrenaline 
(Wollenberger et al., 1969), are released into the blood 
stream following coronary occlusion. Thus this 
observation does not preclude the possibility that 
adenosine is the normal physiological mediator of coronary 


vasodilation. 


Theophylline, a potent adenosine antagonist, does not 
influence either reactive hyperaemia (Juhran & Dietmann, 
1970 and Bittar & Pauly, 1971) or the autoregulatory 
response to hypoxia (Afonso et al., 1972 and Wadsworth, 
1972) in the heart. Wadsworth (1972) reported, however, 
that theophylline reduces the duration of reactive 
hyperaemia in cat heart. If it were not for the fact that 
theophylline is capable of causing a number of 
pharmacological responses, these studies would constitute 


a rather definitive objection to the adenosine hypothesis. 


In contrast, dipyridamole potentiates cardiac 
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reactive hyperaemia (Miura et al., 1967; Bittar §& Pauly, 
1970 and 1971) and is reported to potentiate exercise 
hyperaemia in the dog hind limb (Miura et al., 1967). 
Bell (1974), however, found that dipyridamole also 
potentiates vasodilatory responses to glyceryl trinitrate 
in the guinea-pig parametrial artery, suggesting that the 
specificity of dipyridamole for adenosine responses is 
Suspect. Although Bittar 6& Pauly (1971) reported that 
lidoflazine does not potentiate myOcardial reactive 
hyperaemia, Raberger et al. (1973b) found hexobendine to 
potentiate responses to bcth short=-lasting, generalised 
hypoxia and single intracoronary injection of adenosine to 
a similar extent. In summary, although adenosine may be 
formed in cardiac and skeletal muscle during hypoxia in 
quantities sufficient to cause vasodilation, sound 
pharmacological evidence of an autoregulatory role for 
adenosine is lacking. Possibly, the extreme anoxia 
imposed under most experimental conditions causes release 
of pathological vasodilatory ‘metabolites and other 
substances which obscure the effects of the physiological 


mediator. 
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The hypothesis that ATP or a related adenine 
nucleotide is the transmitter substance at non-adrenergic 
inhibitory nerve terminals in the gut was proposed by 
Burnstock et al. (1970), on the basis that: 

1) enzymes for the synthesis and degradation of ne 
postulated transmitter are present in the tissue. 

2) nerve stimulation caused release of ATP, ADP and AMP 
and/or adenosine and inosine into the medium, of which ATP 
and ADP were the most potent smooth muscle relaxants. 

3) ATP mimicked the response to nerve stimulation. 

4) quinidine antagonised responses to ATP and to nerve 
stimulation at similar concentrations. 

5) responses to nerve stimulation were depressed when 


tachyphylaxis to ATP had been induced in the tissue. 


Since then, considerable support for the hypothesis 
has been obtained by several workers who have demonstrated 
the ability of ATP to mimic both noneadrenergic inhibitory 
and non=cholinergic excitatory nerve stimulation in 
several tissues of various vertebrate species (Dumsday, 
1971; Burnstock et al., 1972a and 1972b; Nakanishi 6 
Takeda, 1972, Coleman & Levy, 1974 and Kalsner, 1974). 
The subject has been reviewed by Burnstock (1972), where 


specific uptake of adenosine into nerve terminals and 
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storage as ATP (Su et al., 1971) and potentiation of the 
response to nerve stimulation by dipyridamole and 
hexobendine (Satchell et al., 1972) are described together 


with other supportive evidence. 


Despite this predominantly circumstantial evidence in 
favour of tke hypothesis, doubt has been shed on the 
specificity of uptake and release of labelled nucleotides 
by Auerbach's plexus (Kuchii et al., 1973a, 1973b and 
1974) and on the effectiveness of tachyphylaxis to ATP in 
inhibiting responses to transmural stimulation (Weston, 
1973a and 1973b). As has already been discussed, 
dipyridamole does not reliably potentiate adenosine 
responses in isolated tissue and the lack of a specific 
competitive adenosine antagonist precludes the possibility 
of obtaining definitive evidence of a similarity between 
adenosine or ATP and nerve-mediated responses using such 
pharmacological tools. Effects of theophylline on 
responses to transmural stimulation of the gut have not 
been reported, but 2-2'=pyridylisatogen does not modify 
responses to transmural stimulation at doses which 
markedly antagonise responses to exogenous ATP (Spedding 
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Apart from studies involving specific antagonists, 


the purinergic nerve hypothesis awaits the credibility 


iG 6 


tt 7 . Vas eae : 
< - | 7 aa 
= . = . 


dao 40 nogTeRIassod Inns CRVER Aes m4 
Sas aloamasciay git vd sotseboutie ‘ey 



























i 
7 a 
7 


sesdsep07 AeSTANSh srs (COCR vol Oo ee fe 
25400 Rye ose 


io ; > 

wt epashive Leesnetenuyito y isan a thobssg- ats angen ™ 
77 tn Sed] fosd esa MUO ae at take hal ce a a0 titers” 
behisesiner deil=a at Yo ao peler Bee sis tget ae yeas 
igs ditet ser ..te ‘3 rcindh) aaeetq = "ined ee . 
si ra ote -Lsueydos? 20 at av FS 58558 aft a9: ‘gon ver 
so+eee) dottsiumis betaine eB seanoqart enkseaki 
paar d2eth ised Onde be aed. BH, = (ee0eT bate” sever 
Psieis BPiladetog idesiea Fait =90f otounpenyg ih 
itipov 5s to sonal off, ns seenae ‘aosugeat af asenogess. 
(tilisisseg on Tahu LISS) ai 0p kS he anteodens evEatyeqaga: « 
rebtaas to songhive. sytzias tel ‘sation 
vue pain seacoqed: tatg:ien- seem Bee 2th ‘to “sateanebs 

s#tteigasds io “efaeaaa) eae ankeotsoneibe 
Jon wed tp edAry Ta sorts l oahse Layoweeeat Oo . 
qtitoe 400 Za0b aepod ‘pei tvhiayg= ts 2d 489: 
ipcaw zeanpb 6th oss ahuatie pinenaed at 
PALYbodn Sh edanavoxe Os, os | 


22 


that might be imparted if ATP were shown to be stored in 
the large Opaque synaptic vesicles at these nerve 
teminals. It would also be necessary to show that any ATP 
in these vesicles is not complexed with another 
transmitter-like substance. Although the effects of ATP 
closely mimic those of transmural stimulation, it is 
possible to interpret the strongest evidence for 
purinergic nerves as merely indicating that ATP is 
released from nerve terminals in conjunction with the true 
transmitter and that ATP can release the transmitter by a 
tyramine-like action. It must be pointed out, however, 
that any other possible candidate for the transmitter in 
this system should be detected in tissue perfusates. None 
have been reported and thus the hypothesis of purinergic 
nerves is somewhat more plausible than that of an indirect 


action of ATP. 


Since adenosine and its nucleotides have been 
recognised as pharmacologically active substances for 
almost half a century, it is remarkable that no direct 
attempt has been undertaken to date to elucidate their 


mechanism of action on any tissue. Nevertheless, the 
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following lines of speculation have been initiated by 
diverse observations encountered in the course of other 
experimentation: 

1) Drury & Szent-Gyorgyi (1929) suggested that, since the 
active compounds known to them were readily deaminated, 
biological activity might be associated with the 
alkalinity of the ammonia produced in this reaction. 

2) It was suggested by Feldberg & Hebb (1948) and Falck 
(1956) that adenine nucleotides may relax smooth muscle by 
Chelating or precipitating calcium from _ the medium, 
without acting directly on the tissue. On the other hand, 
Daniel & Irwin (1965) found their results consistent with 
the hypothesis that ATP and ADP contract uterine muscle by 
complexing membrane-bound magnesium and thus allowing 
increased calcium binding and calcium entry into cells. 
Neither of these proposed mechanisms of action accounts 
for the fact that in most tissues adenosine, which cannot 
complex divalent cations, induces qualitatively and 
sometimes quantitatively similar responses to the 
nucleotides. 

3) As discussed in Section 1.1.2, on the basis of 
antagonism between adenosine and caffeine, de Gubareff & 
Sleator (1965) proposed that adenosine prevents the normal 
action of calcium in excitation-contraction coupling in 
the myocardium. Axelsson & Holmberg (1969) observed that 


adenosine and ATP do not modify the electrical activity of 
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guinea-pig taenia coli previously maintained in calciumn- 
free solution as opposed to normal Krebs and further found 
that adenine compounds (including adenine which was most 
potent) relax potassium contractures. Axelsson & Holmberg 
Suggested that adenine, adenosine and nucleotides may 
relax potassium contractures by interfering with calciun 
influx into smooth muscle celis. Thus adenosine and 
nucleotides have so far been discussed as influencing 
calcium movements only by their action on ‘cardiac’ 
receptors and on an unusual system in gut which is 
responsive to adenine. 

4) Tomita 6& Watanabe (1973) concluded that the 
hyperpolarisation induced by high concentrations of ATP in 
guinea-pig taenia coli may be the result of a specific 
increase in potassium conductance. Since, at lower doses, 
ATP relaxes the muscle by suppressing spontaneous spike 
activity without causing hyperpolarisation, this change in 
potassium conductance is probably not the primary mode of 
action for ATP and adenosine. 

5) In contrast to the suggestion of de Gubareff & Sleator, 
Schaumann et al. (1970) interpreted antagonism between 
adenosine and methylxanthines on the heart and coronary 
circulation as indicating that the drugs may have 
divergent effects on myocardial cyclic AMP levels. This 
suggestion followed the publications by Davies (1968) and 


Stock & Westermann (1969) concerning inhibition of 
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adenylate cyclase by adenosine and phenylisopropyl- 
adenosine. Inhibition of adenylate cyclase was similarly 
proposed by Iso (1973) as the mechanism whereby adenosine 
potentiates alpha-adrenergic contractile responses in vas 
deferens, since the potentiation was antagonised by 
theophylline. 

6) The suggestion that adenosine might enhance cyclic AMP 
accumulation in the myocardium was first made by Kraupp 
(1969). Later he and his coworkers concluded that a large 
portion of the coronary vasodilatory response to adenosine 
was due to propagated metabolic acidosis secondary to 
adenosine=induced metabolic changes in the myocardium 
(Raberger et al., 1970 and 1971). These metabolic changes 
(increased glucose uptake, glycolysis and lipolysis) were 
Similar to those reported to accompany infusion of 
epinephrine into skeletal muscle vasculature (Lundholn, 
1957). Since these metabolic changes are also recognised 
as being mediated by cyclic AMP in some tissues, Raberger 
and Coworkers proposed that the primary action of 
adenosine in dilating coronary arterioles is to stimulate 
myocardial cyclic AMP production. The same group of 
workers later reported similar effects in dog hind limb 
following infusion of adenosine into the femoral artery 
(Raberger et al., 1973€a). It is also of interest that 
Bueding et al. (1967), on the basis of the Similarity in 


responses of guinea-pig taenia coli to epinephrine and to 
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ATP, suggested a role for extracellular ATP in elevating 


cyclic AMP levels in intestinal muscle. 


Although there is no direct evidence that adenosine 
elevates cyclic AMP levels in the heart, it is well 
established that adenosine and its nucleotides, including 
Z2*-AMP and 3'-AMP, enhance cyclic AMP accumulation in 
Slices of brain tissue. Adenosine is more potent than the 
nucleotides but adenine, inosine and other purine 
nucleosides are inactive (Sattin & Rall, 1970). The 
effect of adenosine is very pronounced, inducing 20-30 
fold increases in tissue cyclic AMP, and is antagonised by 
methylxanthines. Theophylline is the most effective 
antagonist but its antagonism can be overcome using higher 
concentrations of adenosine. Shimizu & Daly (1970), using 
3H-adenosine and slices pulse-labelled with 1*C-adenine, 
determined that adenosine elevates cyclic AMP to a small 
extent by serving as a precursor, but mainly stimulates 
the accumulation of newly synthesised cyclic AMP. In the 
same year, Shimizu et al. (1970) found that enhanced 
formation of cyclic AMP in the presence of depolarising 


agents is accompanied by, and parallels, reiease of 
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adenosine into the incubation medium. It is now accepted 
that many of the effects of electrical stimulation and of 
depolarising agents on brain slices, including the ability 
of the latter to potentiate cyclic AMP accumulation in 


response to biogenic amines, are mediated by adenosine. 


Mutual potentiation between adenosine and biogenic 
amines implies that these substances act at different 
Sites within the tissue. By investigation of the effects 
both of inhibitors of adenosine transport and of analogues 
of adenosine itself, it is currently believed that 
adenosine acts at a specific extracellular receptor in 
that tissue, very probably associated with adenylate 


cyclase (Huang et al., 1972 and Huang & Daly, 1974). 


Evidence of extracellular receptor functions with 
properties very similar to those in brain has been found 
in cultured cell lines which respond to adenosine with 
enhanced cyclic AMP accumulation. Schultz 6& Hamprecht 
(1973) found that adenosine minimally elevated cyclic AMP 
levels in neuroblastoma cells and only in the presence of 
papaverine or methylisobutylxanthine. This effect was not 
antagonised by theophylline. Blume et al. (1973) found, 
however, that in the presence of a potent 
phosphodiesterase inhibitor (Ro 20-1724) adenosine dose=- 


dependently elevated cyclic AMP levels up to 50-fold in 
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mouse neuroblastoma cells and that the effect was 
antagonised dose-dependently by theophylline. The dose of 
adenosine for half-maximal accumulation of cyclic AMP was 
2uM, one-tenth of that required in astrocytoma (glial) 
cells.) Clark et al. | (1974) also found the effects of 
adenosine in astrocytoma cells to be very similar to those 
in brain. The latter workers concluded that antagonism by 
theophylline was competitive at an extracellular receptor 
but found no synergism between adenosine and 
catecholamines. Peck et al. (1974) found synergism 
between adenosine and either sodium fluoride, epinephrine 
or parathyroid hormone on cyclic AMP in isolated bone 
cells; the adenosine effect was antagonised by 


theophylline. 


Adenosine also elevates cyclic AMP in slices of rat 
lung but not of guinea-pig lung (Palmer, 1971) and in 
thrombocytes (Na d1ise 2 , Seith, 91971). Methylxanthines 


antagonised the response in thrombocytes. 


In contrast, adenosine has been found to inhibit the 
accumulation of cyclic AMP induced by epinephrine in 


intact fat cells (Fain, 1973). 
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Adenosine inhibits adenylate cyclase isolated from 
every tissue so far investigated. The only contradictory 
report indicates that, over a small dose range, adenosine 
slightly = but Significantly stimulated cyclase from 
thrombocytes (Haslam & Lynham, 1972). At concentrations 
above 0. 1mM inhibition ensued. The activation was 
antagonised by theophylline but not by papaverine and was 
labile to sonication and repeated freezing and thawing of 


the enzyme. 


Since elucidation of the effect of adenosine on 
adenylate cyclases comprises a considerable portion of the 
present work and since most of the literature reports on 
this subject have appeared during its progress and are 
relevant to the results of this study, consideration of 
this topic is dealt with in the discussion and conclusions 


of this thesis (Sections 3.2.3 and 3.4). 
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1.5.2. Phosphodiesterase. 

Adenosine at millimolar concentrations is a 
moderately potent inhibitor of phosphodiesterase 
(Gulyassy, 1971 and Huang & Kemp, 1971). Sattin & Rall 
(1970) found phosphodiesterase activity in two subcellular 
fractions of cerebral cortex to be inhibited considerably 
less by adenosine than by theophylline, No 
phosphodiesterase has currently been found to be inhibited 
by adenosine to an extent sufficient to account for the 
rapid and large increases in cyclic AMP observed in brain 


slices. 


Adenosine inhibits cyclic AMP-dependent protein 
kinase from bovine tissues at concentrations above 10uM 
(Miyamoto et al., 1969 and Kuo et al., 1970). Iwai et 
al. (1972) reported that inhibition of rat liver protein 
kinase was competitive with respect to ATP and was exerted 


egually on activated and inactivated enzyme, 
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Following the initial observation by Bueding et 
al. (1966) that Sere pnti ne elevates cyclic AMP levels in 
guinea-pig taenia coli at doses inducing relaxation of the 
muscle, considerable supportive evidence has been obtained 
to indicate that relaxation of smooth muscle induced by 
beta-adrenergic agents is preceeded by dose-dependent 
increases in cyclic AMP. In particular Andersson (1972), 
using rabbit colon, reported that responses to 
isoproterenol are accompanied, not only by elevated cyclic 
AMP levels, but also by an increase in phosphorylase a 
activity and a reduction in tissue ATP and creatine 
phosphate levels. Both relaxation and the metabolic 
effects of isoproterenol were antagonised by beta=-blocking 
drugs. In calcium-depleted muscle, isoproterenol 
continued to elevate cyclic AMP and phosphorylase a 
activity but ATP content was no longer diminished and the 
Muscle did not relax. Since accumulation of calcium by a 
microsomal fraction from rabbit colon in the presence of 
ATP was found to be stimulated by isoproterenol and cyclic 
AMP (Andersson & Nilsson, 1972), Andersson has postulated 
that cyclic AMP promotes the sequestration of cytoplasmic 
calcium from the vicinity of the contractile apparatus by 


an ATP-requiring mechanism such as this. It is presumed 
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that the mode of action of cyclic AMP is through enhanced 
phosphorylation of membrane protein by a cyclic AMP- 


dependent protein kinase. 


Andersson reported similar metabolic responses in 
vascular smooth muscle to isoproterenol (1973a) and in 
vascular and intestinal muscle to phos nnod eevee 
inhibitors (1973b). Cyclic AMP had already been suggested 
as the mediator of relaxant responses to phosphodiesterase 
inhibitors in vascular smooth muscle by Kukovetz 6& Poech 
(1970) and Lugnier et al. (1972). Isoproterenol and 
phosphodiesterase inhibitors act synergistically in these 
tissues and dibutyryl cyclic AMP mimics not only the 
relaxant response due to these drugs, but also the 
accelerated calcium efflux in guinea-pig taenia caeci 
(Tomiyama et al., 1973) and the hyperpolarisation in 
pulmonary artery (Somlyo et al., 1970 and 1972) which 
accompanies the responses. Cyclic AMP-mediated 
hyperpolarisation was suggested by Somlyo et al. (1972) to 


be due to stimulation of an electrogenic cation pump. 


Work by Andersson (1973a,,,1973b and 1973c) has, 
however, suggested that the relationship between cyclic 
AMP and smooth muscle tone is not a Simple one, but that 
total cyclic AMP content may reflect variable levels in 


discrete subcellular conpartments. This concept arose 
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from the finding that agents which induce contraction, 
although initially decreasing total cyclic AMP in vascular 
or intestinal muscle (Andersson 1973a and 1973c), 
Subsequently elevated cyclic AMP in a caicium-dependent 
manner while the muscle remained contracted. Similarly, 
phosphodiesterase inhibitors, although elevating total 
cyclic AMP, had variable effects on phosphorylase a 
activity (Andersson, 1973b), a finding which would be 
explicable af the phosphodiesterase inhibitors and 
isoproterenol differentially influenced cyclic AMP in 
separate compartments including that associated with 
relaxation. Comparison of cyclic AMP levels in response 
to various drugs in rat uterus (Polacek & Daniel, 1971 and 
Polacek et al., 1971) and in rabbit pulmonary artery 
(Daniel 6&6 Crankshaw, 1974) has further indicated that no 
direct correlation exists between total cyclic AMP content 
and smooth muscle tone. Nasheim et al. (1975) suggested 
that cyclic AMP may be only partly responsible for 
isoproterenol-induced inhibition of rabbit uterine 


motility. 


Despite the complexities which become apparent upon 
comparing relaxant responses to different drugs with the 
quantitative increase in total cyclic AMP which they 
induce, the hypothesis that cyclic AMP mediates responses 


to beta-adrenergic agonists and at least partially 
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mediates those to phosphodiesterase inhibitors has gained 
considerable support (Baer, 1974). While the involvement 
of other mechanisms in the regulation of smooth muscle 
contractility is indisputable, modification of cyclic AMP 
remains a possible basis for the action of drugs on smooth 
muscle tone, along with more direct effects on calcium or 
other ion fluxes and probably also with effects on tissue 


cyclic GMP levels. 


With the intention of providing an insight into the 
mechanism whereby adenosine relaxes smooth muscle, the 
central hypothesis was formulated that adenosine acts by 
elevating cyclic AMP levels in smooth muscle, as it is 
known to do in brain and other tissues, and that its basic 
mechanism of action is thus Similar to that proposed for 
isoproterenol. The longitudinal muscle of the rabbit 
intestine was chosen as the test tissue because it may be 
separated readily from most extraneous material and 
because responses to adenosine may be observed in the 


absence of other drugs or stimulatory agents. 


More specifically, the study was intended to: 


1) determine whether adenosine and its nucleotides act at 
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the same receptor site, implying an extracellular site of 
action, 

2) characterise the binding requirements at the site of 
action in the hope of discovering the properties necessary 
for Competitive eb Greer 

3) determine whether adenosine elevates smooth muscle 
cyclic AMP levels and if sc, whether this effect may be 
causally related to the relaxant response, 

4) determine whether a direct effect of adenosine on 
adenylate cyclase might account for smooth muscle 


relaxation. 


It was hoped that, whatever the results of this study 
on the rabbit intestinal muscle might be, the findings 
would be of general validity with respect to other smooth 
muscles. The ultimate aim was to further our 
understanding of the proposed physiological roles for 
adenosine and adenine nucleotides, such as in the control 


of coronary flow and in the purinergic nervous systen. 
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CHAPTER 2 


Male New Zealand White rabbits were killed by 
injection of 110ml of air into an ear vein and the 
abdominal cavity was opened. Where 4=1z pieces of tissue 
were required, as in most experiments, a 20cm length of 
small intestine was removed starting about 5cm to the oral 
side of the ligament of Treitz. If more tissue samples 
were required or for preparation of adenylate cyclase from 
longitudinal muscle, further 20cm lengths of gut were 
removed from both oral and anal sides of the ligament. 
Each 20cm segment waS immersed in and gently flushed out 


with freshly prepared modified Tyrode solution, pH 7.3=- 


7.4, of the following composition: 133.2mM sodium 
chloride, 4.7mM potassium chioride, 1.9mM calcium 
chloride, 0.78mnM magnesium chloride, 1.17mM sodium 


dihydrogen phosphate, 18.57mM sodium bicarbonate and 
11.11mM dextrose, aerated with 95% oxygen + 5% carbon 


dioxide (Lui et al., 1969). 
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segments were mounted individually on a glass rod of 
8mm diameter and the mesentery, along with its underlying 
layer of longitudinal muscle, was gently removed using 
fine curved forceps. The edges of a superficial layer of 
tissue could then Ne seen cn either side of the area from 
which the mesentery had been separated. Using one limb of 
a pair of fine notched forceps, one of these edges was 
gently loosened from the undersurface and the superficial 
layer was then rolled kack and removed using a paper 
tissue moistened in fTyrode solution, Throughout this 
procedure the entire segment was periodically moistened 
with Tyrode solution to prevent drying Out. The 
superficial layer thus prepared was cut into 8-12 strips 
approximately 8-10mm in length and extending about 2cm in 
breadth. The end regions were discarded. Each strip was 
used as one sample of longitudinal muscle. On 
electronmicroscopic examination, the tissue was found to 
be Comprised of serosa, longitudinal muscle, Auerbach's 
plexus and one or two cell layers of circular muscle 


(Figure 1). 


Strips to be used immediately were suspended in 
Tyrode solution at 37°C while those required for 
subsequent study were stored in Tyrode at 49°C for up to 3 
hours or for longer periods as required for determination 


of the effect of cold storage. 
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Figure 1: Electron micrograph of the experimental tissue. 
Transverse section, magnification <x18,000. sm: longitudinal smooth 


muscle cell; 


ic: intermediate contact; 


nerve; C: collagen. 





p: Auerbach's plexus; n: 
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The apparatus used for recording mechanical activity 
of the muscle is illustrated in Figure 2. Four pairs of 
lubricated vertical reas were fixed to a solid wooden 
structural frame immediately below four Grass force- 
displacement transducers, type FT03C, whose position could 
be altered using a rack=-work boss head (C.P. Palmer, 
London, Ltd.). Each pair of rods supported a plexiglass 
block into which a jacketed organ bath of 117ml capacity 
was fitted. The organ bath was secured at the top of the 
rods, in the ‘normal' position, by means of a metal pin 
attached to a lever. Small springs were interposed 
between the plastic block and the upper rod support to 
provide a spring-loaded dropping action of the organ bath 
when the lever was turned. A metal tissue support, which 
also served as aerator, was fixed to the frame and 
extended to the bottom of the organ bath in the ‘normal' 
position, The outer jackets of the organ baths were 
connected in parallel to a Thermomix II thermostatic pump 
(Braun Melsungen) circulating water from a reservoir. 
Fresh Tyrode solution was warmed by the reservoir and 
added manually to the organ baths. Drainage from the 
organ bath was effected through an outlet secured with a 


spring clip. 
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Figure 2: Apparatus for measurement of relaxant responses and rapid 


tissue sampling. 


The apparatus is illustrated in the position for tissue sampling. 
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Drug solutions were injected by syringe into the 
bottom of the organ bath in volumes of Oete ee tO. Os onl = =to 
produce a total bath volume of 17ml. The bath contents 
were mixed by the carbogen flow. Stock drug solutions 
were dissolved in calcium-free Tyrode and diluted before 
use with aerated normal Tyrode solution. Solutions of 
Sympathomimetic drugs also contained 10ug/ml ascorbic 
acid. Stock solutions of adenine nucleotides were 


neutralised with NaOH. 


Each strip of longitudinal muscle was suspended with 
thread, in Tyrode solution at 37°C, between the tissue 
Support and a force-displacement transducer which was 
linked via a Beckman strain gauge coupler type 9853 to a 
4-channel Beckman type RB Dynograph. Strips were allowed 
to equilibrate under minimal tension (<O0.1g) for at least 
one hour, Since this muscle is Spontaneously active and 
the amplitude of spontaneous contractions depends on the 
imposed tension, the tension on each strip was then 
gradually increased by elevating the position of the 
transducer until the optimal amplitude of spontaneous 
contractions corresponding to a pull of approximately 1g 
(2.5cm excursion of the pen) was achieved. Applied 


tension was about 0.3g. 


Inhibitory responses to smooth muscle relaxant drugs 
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consisted of a depression of the amplitude of spontaneous 
contractions, frequently, but not invariably, accompanied 
by a decrease in the basal tension of the strip. The 
latter was also dependent on the imposed tension. Since 
optimal spontaneous activity was achieved by different 
strips at applied tensions of from 0.2 to 0.4g and 
inhibition of basal tension in response to drugs 
consequently varied between strips, the smooth muscle 
relaxant response was defined for the purpose of this 
study as inhibition of spontaneous activity. The 
magnitude of the response was expressed as inhibition of 
the amplitude of spontaneous contractions, as a percentage 
of the control amplitude immediately preceeding drug 


addition (Figure 3). 


2.1.3.1. Tissue sampling. 


The apparatus illustrated in Figure 2 was designed to 
allow rapid freezing of tissue samples with minimal 
derangement of the tissue in the organ bath. Muscle 
strips whose responses were being recorded were frozen for 
estimation of their cyclic AMP content by releasing the 


lever to drop the organ tath and clamping the tissue 
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Figure 3: Responses to adenosine, epinephrine and isoproterenol. 
Responses were evaluated as inhibition of the amplitude of spontaneous 
contractions and expressed as a percentage of the control amplitude 
immediately preceeding drug addition. 
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between heavy metal tongs precooled to the temperature of 
liquid nitrogen. The tongs consisted of two brass bars, 
approximately 30x10x3mm, soldered toa pair of forceps. 
The total time required for this sampling procedure was 
less than 2 seconds, inclusive of time for freezing. At 
the time these studies were commenced, rapid freeze- 
Clamping methods had not been applied to smooth muscle. 
This procedure has been demonstrated in many other systems 
to avoid the rapid changes in cyclic AMP during sampling 
Which are due to slow inactivation of adenylate cyclase 


and phosphodiesterase. 


In experiments in which multiple samples were exposed 
to identical treatments, the strips were tied together 
with thread and were not attached to the transducer or the 
tissue support. Freezing was accomplished in this case by 
rapid removal from the organ bath and immersion in liquid 


nitrogen. 


2.1.3.2. Homogenisation. 


Tissues remained frozen until after homogenisation 
(see flow sheet, Figure 4). Individual strips were 
enclosed in a Teflon capsule containing 0.3ml 5% TCA and a 


tungsten carbide ball, all at the temperature of liquid 
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Figure 4: Flow diagram of preparatory procedure for measurement of tissue 
cyclic AMP levels, 
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nitrogen. The capsule was fitted to a Mikro=-Dismembrator 
(Braun Melsungen) and vibrated at 60 Hz with an amplitude 
of 4-Smm for 30 seconds. The homogenate powder was 
Collected in small centrifuge vials (Eppendorf) and 
allowed to thaw. After subsequent freezing and thawing, 
0.ipmole of tracer 3H=cyclic AMP (approximately 2000 cpm) 
was added to the homogenate and the TCA+soluble 
Supernatant was removed following centrifugation for 1 min 
in an Eppendorf 3200 bench centrifuge. The protein pellet 


was washed with 0.1ml 5% TCA and the supernatants pooled. 


2Ze1<3e3-. Purification. 


The TCA extract was applied to a 0.5x7cm column of 
Dowex AG5SOW-X4, hydrogen form, (100-200 mesh) (Bio-Rad) 
previously acid-washed and equilibrated with distilled 
water and the sample was eluted with successive 0.5ml 
volumes of distilled water. The TCA eluted rapidly while 
cyclic AMP was retained and its peak, collected in a 3-6nml 
volume, depending on the resin batch, was neutral (Figure 
5). fhe position of the cyclic AMP peak was unaffected by 
the presence of either tissue extract or 5% TCA jin the 


applied sample. 


When 5Qul ATP or 100ul 5*-AMP at approximately 10mm 
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O0.5ml fractions. Upper curve: recovery of radioactivity from 3H-cyclic 
AMP in samples containing extract from tissues of the following protein 
content: (*:**) 8.4mgs; (+-*-) 15.6mg; (----) 22.1mg; (¢ ) control 
containing no tissue extract. Lower curve: absorbance at 260nm of eluate 
Eractions after application, of: (****) 50ul ATP: — ( ) 100u1 5°-AMP at 
10mM and diluted to 0.4ml1 with 5% TCA. 


Figure 5: Elution profile from Dowex of 3H-cyclic AMP, ATP and 5'~AMP., 
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were included in the TCA sample and the absorbance of a 
1:10 dilution of eluate fractions was read at 260nm on a 
Gilford spectrophotometer it was found that complete 
separation of these nucleotides from cyclic AMP was 
effected (Figure 5). Since 5'-AMP was not completely 
eluted by 5ml of 1N HCl and since adenosine is retained 
even more effectively on cation exchange resins the 


columns were used only once. 


The position of the cyclic AMP peak was monitored 
occaSionally by counting 3H=cyclic AMP in successive nl 
eluate fractions dissolved in 10ml Aquasol (New England 
Nuclear) or Bray's solution (60g/1 naphthalene, 20m1/1 
ethylene glycol, 100m1/1 methanol, 4g/l 2,5-diphenyl- 
oxazole (PPO), 0.2g/1 1,4-bis-2=- (4=methyl,5=-phenyl- 
oxazole) -benzene (dimethyl POPOP, Packard) in 1,4-dioxane) 
and in subsequent experiments the cyclic AMP peak was 


collected as indicated by the most recent test run. 


The cyclic AMP peak from the Dowex columns was 
freeze-dried and redissolved in 100ul water for use in the 
cyclic AMP assay and for determination of recovery of 


tracer 3H=-cyclic AMP. 
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2.1.3.4. Assay of cyclic AMP 


Cyclic AMP was assayed by a protein binding method 
(Gilman, 1970) utilising a cyclic AMP-binding protein 
prepared from beef heart by G.Jd. Lauzon in this 
laboratory, according to the method of Miyamoto et als 
(1969). ‘Inhibitor protein', which is recommended by 
Gilman aS a means of increasing the sensitivity of the 
assay, WaS prepared from beef skeletal muscle by L. 
Simonson using the procedure of Appleman et al. (1966). 
The assay medium contained in a total volume of 100ul: 
50m“ sodium acetate, pH 4; 20ug bovine serum albumin 
(Sigma); 19ug inhibitor protein; 1.5ug binding protein; 
O.2pmole 3H=-cyclic AMP (4000 cpm) and unlabelled cyclic 
AMP in duplicated standard or unknown (10 or 20ul of 
tissue sample) quantities. Blanks, containing no binding 
protein, and standards, containing 0.5 to 20pmoles added 
cold cyclic AMP, were included in each assay and unknown 
quantities of cyclic AMP from tissue Samples were read 
from the straight line part of the standard curve obtained 
in that assay. Standard curves (Figure 6) were highly 


reproducible. 


The equilibration reaction was initiated by addition 
of binding protein and assay tubes were allowed to 


equilibrate for at least 90 minutes at 40°C, Each assay 
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medium was then filtered under vacuum at 49°C through a 
25mm diameter membrane filter of 0.45 micron pore size 
(Matheson-Higgins, Woburn, Mass.) by the following 
procedure. The tube contents were diluted with 1ml of 
20mm sodium phosphate buffer, pH 6, and immediately passed 
through the filter. The tube was washed twice in a 
Similar manner with 1ml aliquots of buffer and the filter 
waS subsequently washed twice with 4ml of the same buffer. 
The filter discs were placed in scintillation vials and 
dissolved in 1.8ml ethylene glycol monomethyl ether. The 
vials were filled with 5ml toluene fluor (5g/l PPO and 
0.25g/1 dimethyl POPOP in toluene), shaken until mixed and 
counted for tritium in a Beckman LS330 or Picker Nuclear 
Liquimat scintillation counter. The efficiency of 
counting waS approximately 30%, as determined using 
quenched external standards, and was constant within each 
experiment. Calibration curves as in Figure 6 were 
therefore plotted on double logarithmic paper as counts 


per 10min versus total cyclic AMP, 


To ensure that no component of the tissue sample was 
interfering with the assay of cyclic AMP, periodic assay 
checks were performed. In this procedure aliquots of 
tissue samples were preincubated with phosphodiesterase to 
destroy their cyclic AMP content, As recommended by Ebadi 


(1972), phosphodiesterase was prepared from hog cerebral 
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cortex by the method described by Nair (1966) for dog 
heart. The method is described in Figures 7 and 8. The 
final column chromatographic step in the published 
procedure was omitted. Although Ebadi describes this 
method as applicable to hog brain despite the differences 
in species and tissue (personal communication), in our 
hands this method was unsatisfactory in that the Seathes. 
fraction V represented only 0.13% of fraction I (Table 1). 
Most activity was lost during the first ammonium sulphate 
fractionation where 39.1% yield was found in the first cut 
and 26.5% in the supernatant after equilibration with 62% 
ammonium sulphate, In spite of this low yield, the amount 
of enzyme obtained by this procedure was sufficient for 


all necessary analytical experiments. 


Fractions were assayed by recording the change in 
optical density at 265nm on a Gilford 2400 
spectrophotometer of an assay mixture containing 50mM 
Tris-HCl (pH 8), 5mM magnesium Chloride, 50mM cyclic AMP, 
20ug bacterial alkaline phosphatase (type III from E, coli 
Sigma), 4ug adenosine deaminase (type I from calf 
intestinal mucoSa, Sigma) and phosphodiesterase in a total 
volume of 2nl. The assay was performed at room 
temperature. The difference in absorbancy at 265nm 
between adenosine and inosine is 7.85x103l1l/mole.cm at pH 8 


(Baer. et al., 1968). Using this value, absolute rates 
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Cerebral cortex 

(3 hog brains) 
| 
| 0.25M sucrose + 1mM MgCl, 
| Waring blender 30sec 


| 
homogenate 


{ 
{ 4000g 10min 
l 
{ l 
pellet supernatant 
FRACTION I 


) | 
[je 7s) (NED) SO, 
[2)6000g 10min 

[ 


Se Se Sa Gem ae ee ee Se See ees 


( | 
Supernatant pellet 


| 

[1) 62% (NH )> SO,4 
12) 7000g 10min 

| 


Eee eye 
50mM Tris-HCl pH 7.5 
ToeC IAT 
dialysis vs. 50vol. 
{ 50mM Tris-HCl pH 7.5 


{ 
FRACTION if 


“Cerebral cortex from 3 hogs was homogenised and the 4000g 
supernatant was subjected to ammonium sulphate 
fractionation. The pellet obtained between 37 and 62% 
Saturation was redissolved at 15mg/ml and dialysed against 
the same buffer. 
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FRACTION II 
I 
{ frozen & thawed 
{ 
FRACTION III 
{ 
11) 17% EtOH,-40C 
12) 6000g 10min 
| 
{ { 
pellet supernatant 
{ 
{1)42% EtOH,-159C 
{2)6000q 10min 
l 
| I 
pellet Supernatant 
FRACTION IV 


1) 40% (NH4)o SOq 
2)6000q 10min 


— a a en er a ee ae eee ee we aera ewaeme=eses 


pellet Supernatant 
{1)60% (NH4)o S04 
12)6000q 10min 


{ 

{ ( 
pellet supernatant 

| 

it) 50n4) Tris-HCl (pH 7.5 

{2) dialysis vs. 100vol. Tris 

|3) freezing & thawing 

{4)6C000g 10min 


So eee ee meee. 





| 
FRACTION V 


fractionation, The 17-42% EtOH precipitate was further 
fractionated between 40 and 60% ammoniun Sulphate. After 
dialysis, freezing and thawing and removing precipitated 
material, fraction V, the phosphodiesterase used to 
prepare cyclic AMP blanks, was obtained. 
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preparation of phosphod 
Fractions are as design 


Protein 


{mg/ml) 


9.0 


11.9 


Specific Activity 
¢mg/min) 
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were calculated from the initial rate of change of 
absorbance of the mixture. Since phosphodiesterase 
activity was rate-limiting under these conditions, the 
rate of the deamination reaction reflected the rate of 
cyclic AMP hydrolysis by phosphodiesterase.,. The specific 
activity of fraction V was calculated by this method to be 
6.76nmole/mg/min. The enzyme was stored in small pianos 
at -209C and diluted 1:10 with 1% bovine serum albumin 


(fraction V, powder, Sigma) before use. 


To determine whether this preparation would 
adequately hydrolyse cyclic AMP contained in tissue 
samples, duplicate assay tubes were prepared containing 
4mM Tris-HCl (pH 7.5), 0.8mM magnesium chloride, 0.2pmole 
3H-cyclic AMP, cold cyclic AMP (2pmole or 10ul tissue 
extract) and 5ul phosphodiesterase diluted 1:10 (3ug 
enzyme protein) in a total volume of 25ul. Controls, in 
which unlabelled cyclic AMP and phosphodiesterase were 
omitted, were also included. The tubes were sealed to 
Minimise volume loss and incubated at 379C for 30 minutes 
and the reaction was stopped by immersion in boiling water 
for 2 minutes. The incubates were then spotted, with the 
appropriate carriers, on Whatman No.1 chromatographic 
paper and the chromatograms were developed in 1M ammonium 
acetate:95% ethanol 30:75 for 12 hours. Spots 


corresponding to 5'-AMP, cyclic AMP and adenosine plus 
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inosine were cut out, eluted with 1ml water and counted in 
Aquasol for tritium and the percentage of counts in each 
Spot was calculated. Results of duplicates are shown in 
Table 2. All concentrations of cyclic AMP were hydrolysed 
over 90% by 3ug mere Since the breakdown products were 
predominantly nucleosides, the preparation also contained 
phosphatase. Although Nair states that this contaminant 
may be removed by elution of fraction V through DEAE, it 
was decided, owing to the small yield and because the 
preparation was adequate for the intended purpose, not to 
pursue this step. It is interesting that the tissue 
extract apparently inhibited phosphatase, probably due to 
phosphate esters within the extract competing with 5'-Amp 
as substrate for the reaction. The blanks show that 94% 
of the radioactivity in 3H-cyclic AMP was located by this 


method in the cyclic AMP spot. 


For the purpose of checking the validity of the 
cyclic AMP assay, 10ul aliquots OF! tissue extract were 
preincubated in duplicate for 30 minutes at 379C with 5mm 
Tris-HCl (pH 7.5), mM magnesium chloride and  3ug 
phosphodiesterase in a total volume of 20ul. The sealed 
reaction vessels were immersed in boiling water for 2 
Minutes to stop the reaction. These tubes were then 
included in the cyclic AMP assay, along with tubes 


containing 10 and 20ul of tissue extract. No cyclic AMP 
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pmoles cyclic AMP 





eee See ee 


Blank Q.2 2:2 C.2textract 
% cyclic AMP breakdown 5.9 94.3 Sea 7 | a2 
5.9 937.9 WE 9022 
*% AMP tae 8.4 ur 86.4 
0.9 13.4 elas 85.0 
*% Nucleosides 4.8 65.8 eee 6 
5.9 80.5 80.9 5.1 


Table 2: cyclic AMP Own iB phosphodiesterase=-treated 
Samples. 

Breakdown was determined as described in the text and 
expressed as total percentage breakdown and percentage 
counts in the AMP and nucleoside spots. 
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was detected in tissue blanks and total cyclic AMP 
determined in extracts was independent of the volume of 


extract used in the assay. 


2.1.3.5. Expression of results. 


Since tissue samples included variable amounts of 
Tyrode solution owing to the rapid sampling technique, an 
estimate of tissue wet weight could not be obtained. fTCa- 
insoluble material was therefore dissolved in 0.2ml of 
Q.5N sodium hydroxide and protein was determined by the 
method of Lowry et al. (1951). Cyclic AMP content of 
tissue samples Te expressed as pmoles cyclic AMP per ng 


acid precipitable tissue protein. 


When attempts were made to prepare adenylate cyclase 
fron longitudinal muscle using the general method 
described in Section 2.2, the protein sedimented from 
Suspension and showed a marked tendency to coagulate, 
especially upon freezing and thawing. This difficulty was 
probably due to the relatively large amounts of collagen 


associated With smooth muscle, To circumvent this 
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problem, adenylate cyclase was prepared by an adaptation 
of the method described by Rodbell (1964 & 1967) for 
preparation of cyclase from adipose tissue. Longitudinal 
muscle was dissected as described in Section 2.1.1 from 
the entire length of the small intestine, yielding just 
over 1g tissue per rabbit. The tissue was maintained 
throughout dissection in ice-cold Tyrode. After mincing 
finely with scissors, the tissue was incubated with 5 
volumes of collagenase medium (containing 140mM sodium 
Chloride, 9.1mM sodium phosphate, 5mg/ml collagenase (type 
I from Cl. histolyticum, Sigma), 1mg/ml dextrose and 
Smg/ml bovine serum albumin at pH 7.4) at 37°C for 3 hours 
during which time it was shaken at 140 cycles per minute. 
The suspension was filtered through nylon netting and the 
residue was washed with phosphate buffer (140mM sodiun 
chloride 9.14mM sodium phosphate and 5mg/ml lyophilised 
bovine eerie albumin, pH 7.4). The filtrate was 
centrifuged at 50% maximal speed on an International 
Clinical Centrifuge for 2 minutes and sedimented celis 
(0.7 to 0.2ml packed cell volume per gram tissue) were 
washed twice with 5 volumes of phosphate buffer. At this 
point in the procedure individual spindle-shaped cells 
could be observed microscopically under phase contrast. 
Since the individual cells were fragile to mechanical 
damage, resuspension was performed gently using a vortex 


mixer. The final pellet of cells was allowed to stand in 
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S volumes of 10mM Tris-HCl pH 7.5 + 1mM magnesium chloride 
at 49°C for 10 minutes and was subsequently homogenised 
gently in a glass homogeniser with a Teflon pestle. No 
intact cells could be seen under phase contrast at this 
stage. The homogenate was centrifuged at 1000g for 15 
Minutes and the pellet was washed and resuspended in a 
small volume of the same buffer. Using this procedure, 
the protein neither sedimented nor coagulated and 
fluoride=-stimulated activity was over 100pmole Oye aie: 


AMP/mg protein/min. 


Since the possible contaminants of cyclase 
preparations which can interfere with the assay of 
adenylate cyclase activity are ATPase and phosphatase, 
which reduce the concentration of substrate, and 
phosphodiesterase, which hydrolyses the cyclic AMP32 
product of the reaction (see Section 2.2.2 for a 
description of the adenylate cyclase assay procedure), the 
following experiment was performed to determine the 
optimal assay Conditions for this enzyme. Four tubes were 
prepared containing, in a total volume of 200ul: 

Tube A: reagents in the concentrations regularly used, 
including 10mM creatine phosphate, 0.1mg/ml 
creatine kinase and 0.5mM cyclic AMP 

Tube B; as tube A but containing 20mM creatine 


phosphate and 1.1mg/ml creatine kinase 
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Tube C: as tube B but also containing 10mM NaF 
Tube D: as tube B but containing 1mM cyclic AMP. 
All tubes also contained 0.27mg/ml of freshly prepared 
enzyme protein and were incubated at 379C. Aliquots of 2- 
Gul were withdrawn from each tube 0,710, “20, 30 and 40 
minutes after addition of enzyme and were immediately 
spotted on PEI plates over the carriers appropriate for 
determining percent conversion of ATP to cyclic AMP (EDTA-= 
Stop solution, Section 2.2.2) or percentage ATP breakdown 
(SmM ATP, ADP, AMP and cyclic AMP). Plates were developed 
in 0.25M lithium chloride to determine cyclase activity or 
in 1M LiCl for ATP breakdown. The appropriate spots were 
cut out and counted for 32P in 15ml toluene fluor. 
Results are shown in Figure 9. In the absence of 
fluoride, 90% ATP breakdown occured over 40 minutes, 
indicating that ATPase and phosphatases were troublesome 
contaminants of the cyclase preparation. Breakdown could 
not be reduced by increasing the ATP=-regenerating capacity 
of the medium, but it was halved in the presence of NaF. 
This effect no doubt contributed to the greatly enhanced 
conversion of ATP to cyclic AMP in the presence of 
fluoride. Doubling the concentration of unlabelled cyclic 
AMP to further reduce any phosphodiesterase interference 
in the cyclase assay did not appreciably modify either ATP 
breakdown or conversion of ATP to cyclic AMP. Since the 


rate of cyclic AMP production was linear over 20 minutes 
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Figure 9: Cyclic AMP formation and ATP breakdown by an adenylate cyclase 
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in the presence of fluoride, cyclase assays could be 


performed within this time interval. 


2.2. Preparation and assay of adenylate cyclase from 


Adenylate cyclase was prepared in the form of 2000q 
(10min) washed pellets from whole rat brain, rat 
cerebellum and cerebral cortex, rat heart, rabbit heart, 
dog thrombocytes and guinea-pig lung by essentially the 
Same method. Ehrlich ascites cell cyclase was prepared by 
others in this laboratory according to Baer & Henderson 
(1972) and ghosts from rat epididymal fat cells according 
to Rodbell (1967). Tissues were homogenised in 5 volumes 
of 20mM Tris-HCl, pH 7.5 + 1mM magnesium chloride using a 
glass homogeniser with a power-driven Teflon pestie. 
After filtration through glass wool the homogenates were 
centrifuged at 2000g for 10 minutes and the pellets were 
washed with 5 volumes of buffer and stored under liquid 
nitrogen in small aliquots. The preparations were used 
either freshly prepared or after freezing and thawing 
once, The extent of conversion of ATP to cyclic AMP and 


ATP breakdown as a function of time were determined for 
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each tissue and incubation time and protein concentrations 
were then chosen to ensure linearity of cyclic AMP 
production. The protein content of each preparation was 


determined by the method of Lowry et al. (1951). 


The assay procedure was essentially similar to that 
described by Baer & Hechter (1969) with improvements 
according to paer (1975). Reaction mixtures contained, 
usually in a 50ul total volume, 250m sodium N-2=- 
hydroxymethylpiperazine-N'=2-ethanesulphonate (pH 8), 5mm 
magnesium chloride, 0.5mM sodium cyclic AMP, 0.1mg/ml 
creatine kinase, 10mM sodium creatine phosphate, 0.1m™ 
ATP-alpha-32P (about 500,000 cpm) enzyme and other 
additions as required in duplicate or triplicate. For 
rate studies the ATP concentration was adjusted by 
addition of known quantities of unlabelled ATP. Unless 
Otherwise indicated, as in reverean of adenosine 
inhibition by adenosine deaminase, the reaction was 
initiated by addition of enzyme and terminated by addition 
of ice-cold EDTA=stop solution (125mM EDTA and 25mM each 
of ATP, S'=AMP and cyclic AMP, pH adjusted to 7 with 
sodium bicarbonate) and immersion of reaction vessels in 
ice. A 3-4ul aliquot from each reaction vessel was 


spotted over a 1.5cm=-wide strip on washed 10x20cm CEL300 
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PEL plates (polyethyleneimine-impregnated cellulose 
thinlayers from Macherey=Nagel/Brinkman) . Plates were 
developed in 0.25M Licl for the full 10cm and Spots 
corresponding to ATP, 5'=AMP and cyclic AMP were located 
under ultraviolet light. The spots containing cyclic AMP 
and ATP plus AMP were placed in scintillation vials and 
counted in 10mi toluene fluor. The percent conversion of 
ATP to cyclic AMP was calculated from the ratio of counts 
in each area and results were expressed as pmoles cyclic 


AMP formed per mg protein per minute. 


All chemicals were of reagent grade and dissolved in 
deionised distilled water. Ammonium sulphate used in the 
preparation of phosphodiesterase was enzyme grade 
(SChwarz/Mann). Adenosine and its nucleotides (sodiun 
Salts), 2'-deoxyadenosine, tris(hydroxymethyl) aminomethane 
(Trizma base), aminophylline, D, L-isoproterenol HCl and L- 
epinephrine bitartrate were purchased from Sigma. 
Adenosine 5'-triphosphate, tetrasodium salt, alpha-32p, 
was purchased at 10Ci/mmole from International Chemical 
and Nuclear Corp. and diluted approximately 20 fold with 
ImM ATP before use. 

AdenoSine=3H (G)-3',5'-cyclic monophosphate (ammonium salt) 


in 50% ethanol (24 Ci/mmole) was purchased from New 
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England Nuclear. 

3'=-Deoxyadenosine and Z-amino-6 (p-nitrobenzylthio) -purine 
CTiboside were gifts from Dr. is Henderson and Dr. 
A.R.P. Paterson, respectively, of the McEachern Cancer 


Research Institute, University of Alberta. 


Other sources were as follows: 
N-2-Hydroxyet hylpiperazine-N'=2-ethanesulphonic acid 
(HEPES), A grade: Calbiochen, USA. 
Adenosine analogues: 
Pharma Waldhof, GmbH, West Germany. 
Creatine phosphate disodium salt and creatine kinase: 
Boehringer Mannhein, GmbH, West 
Germany. 
Alpha, beta-methylene adenosine diphosphate (APCP): 
Miles Laboratories, USA. 
1-Methyl,3-isobutylxanthine (MIX): 
Aldrich Chemical Co. Inc., USA. 
Papaverine HCl; Eli Liliy & a dy USA. 


Dipyridamole (Persantin): 


Geigy Pharmaceuticals, Montreal, 
Canada. 
Procaine HCl: Matheson, Coleman & Bell, USA. 


Lidocaine (Xylocaine HCl, 4%): 


Astra, Ontario, Canada. 
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CHAPTER 3 


As indicated in Section 1.7, the objectives of ees 
experiments were: 
1) to compare the influence of various experimental 
conditions on responses to adenosine and its nucleotides, 
particularly ATP, in order to determine whether they share 
a common extracellular site of action. 
2) to screen a series of available adenosine analogues in 
order to determine which moieties are necessary for 
adenosine-like activity and also to seek a competitive 
antagonist of adenosine responses. 
This experimentation was preliminary to the anticipated 
quantitative evaluation of the effects of drugs on 
adenosine-induced relaxant responses and concomitant 
changes in cyclic AMP content of tissues and, unless 
otherwise indicated, the drug effects reported in this 
section are results obtained from only two to three 


animals. 
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3.1.1. Adenosine and analogues. 


3.1.1.1. The adenosine response. 


Responses to Rienos ine in longitudinal muscle strips 
were biphasic (Figure 3). An initial transient inhibition 
of the amplitude of spontaneous contractions achieved a 
maximal value in 10-15s and was followed by a sustained 
response of lesser magnitude which was usually constant 
within 71 minute. If a maximal dose was left in contact 
with the tissue, recovery toward control amplitude of 
contractions was only about 50% within one hour. There 
was no change in the frequency of spontaneous 
Contractions. Both initial and sustained responses were 
dose dependent over a dose range which varied slightly 
between animals and between strips from one animal but 
Which generally lay between 0.1 and 100uM (Figure 10). 
The initial response appeared at slightly lower doses than 
the sustained response and the maximal Sustained response 
attainable also varied between tissues. Following washout 
after 2 minutes of exposure to adenosine, spontaneous 
activity rapidly returned to the control level and 
frequently exceeded it fcr a few minutes. This ‘rebound 
overshoot! was not invariably present. Successive doses 
were administered when control levels were regained, at 


intervals of not less than 10 minutes. No tachyphylaxis 
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Figure 10: Dose-response curves to adenosine. 
A and B illustrate both initial and sustained responses in two strips from 


a single animal. 


Responses are dose-dependent between about 0.1 and 100uM. 
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occurred following washout of high doses but instead a 
small degree of sensitisation appeared in some strips over 
3-4 hours. For this reason successive dose-response 


curves were not directly ccmparable. 


continued presence of a dose inducing a _ sustained 
response, the response to the cumulative dose was less 
than that to single administration of the same total dose, 
even when the time interval between responses was as short 
as 90s (Figure 11). Nevertheless, if large doses were 
administered to one tissue at 10min intervals with 
intermediate washing, responses were highly reproducible. 
This phenomenon is therefore not equivalent to 
tachyphylaxis, which usually developes and decays more 
Slowly, but resembles antagonism by effective doses of 
adenosine upon subsequent doses of the same drug. This 


"autoinhibition' was not observed when the first dose was 


ineffective or evoked only an initial response. 
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The response to 40uM adenosine, administered 10min previously, differed 
from that to the same cumulative dose. 10uM ATP induced only an initial 
response during autoinhibition to adenosine. 
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3.1.1.2. Effects of cold storage. 


To determine whether adenosine responses might be 
measured reliably in muscle which had been retained in 
Tyrode solution ai 40C for several hours following 
sacrifice of the rabbit, 16 strips were dissected from an 
animal, 12 of which were immediately stored in the cold. 
The remaining 4 were mounted in organ baths and responses 
were elicited in each strip to various doses of adenosine, 
ATP, epinephrine and tetramethylammonium iodide. The same 
procedure was followed with groups of 4 strips following 
5.5, 11 and 24 hours of cold storage. While epinephrine 
responses were remarkably similar among groups despite 
deterioration in the amplitude and frequency of 
Spontaneous contractions in strips stored for 24 hours, 
responses to adenosine and ATP were appreciably diminished 
following 11 hours of cold _ storage. Cet lS time 
interval, 10uM adenosine elicited no sustained response, 
and the response to 50uM adenosine es greatly attenuated. 
Stimulatory responses elicited by tetramethylammoniun 
iodide, which in all cases were virtually abolished by 1m™ 
procaine, deteriorated with an apparently similar time 
course. It was therefore concluded that responses to 
adenosine were more labile than those to epinephrine under 
these storage conditions and the adenosine response was 


subsequently studied only in freshly dissected strips. 
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For measurement of tissue cyclic AMP levels, epinephrine 
and isoproterenol were administered to strips stored at 


40C for up to 3 hours. 


The ganglion stimulant tetramethylammonium iodide was 
included in this experiment to provide an indication of 
the viability of the nervous components of the tissue. 
From the qualitative results obtained it was not possible 
to distinguish between the rates of deterioration of 


adenosine responses and of nervous activity. 


3.1.1.3. Investigation of neural involvement in the 


adenosine response. 


If the integrity of the neural components of the 
tissue were required for the manifestation of adenosine 
responses, adenosine might act indirectly by one of two 
mechanisms: 

1) by stimulation of ganglia, followed by propagation 
of an action potential within the affected fibres 
and subsequent release of an inhibitory transmitter 
by the physiological neural mechanisms, 

2) by an intervention at nerve terminals promoting 
release of an inhibitory transmitter without 


incurring the initiation of action potentials. 


7” 0) 7 Gee 






















gutidgentys ,elowsl In? oboe ‘aideds: Se & 
ts berzgge agis2% patie tuba Se et Be 
s | es. 

oe ud se ery 

aaw abiGes my beouesitnteaLys 31 ac huge ct ae 
¥0 noigcodiai- ws Sorvodiq DT thee i toes ality, Av bahalogt 
eekt oad? io ‘atadhoeqeod . avovmemiees cio qo tbeieke add 
ghgkes0g 7Onu SHU si banfarto etilasr ‘evi zartinup ove Moa ' 
fo mnoitetofisi7d 14 er -2dd) nseered dacopnizesb OF 
-Utivicos >to 208i Io Bas 20atogae% enkmonebs ae 


* 3a ae 











® 7. aa 
u My 
(lL taswovilovad Istued to set te0RSeee at, eevee eee 


.72nougdaz saraodses nereeain 
- me - ) yo 
. ap 


d+ Yo 2znstoqaod, [sansa ~sd2-*i9 YES vee BAI 32 lat -_ 
zy 


Pa 


spteohabs to . neLteteediaaw, 28 Ft 2to0 asatened: ane, oveset. 


ow? 1o sa6 4d yistour tbat soe \hipea quleene be ated: 


= a = 
’ 


_ 
tad 28991g, yi bswolio2, \stioasp to scant ee 
_ - a 


ate: | a 


262052 beto5 426 eas atdsin, eee ages 


dgsvewansst 


IS 


The Pec sc possibility was investigated using local 
anaesthetic drugs at doses which selectively depressed 
generation of action potentials in nerve. The appropriate 
doses were determined by their capacity to abolish 
stimulatory responses evoked by tetramethylammonium 
iodide, without affecting the spontaneous activity of the 
muscle. Neither 1mM procaine nor 0. 17mM lidocaine 
antagonised responses to adenosine, indicating that 
adenosine does not possess ganglion stimulant activity. A 
Similar conclusion regarding the adrenergic nervous system 
in particular was reached when the neurone blocking agent 
guanethidine failed to antagonise adenosine responses in a 
Finkelman preparation of the rabbit intestine, while 


preventing responses to periarterial nerve stimulation. 


The gut is innervated by both adrenergic and 
nonadrenergic inhibitory components of the autonomic 
hervous system. The possibility that adenosine releases 
noradrenaline fron sympathetic nerve endings within 
Auerbach's plexus was investigated using rabbits 
pretreated with 4mg reserpine administered subcutaneously 
18 hours before sacrifice, followed by an additional 2mg 
reserpine intravenously one hour before sacrifice. Since 
adenosine dose response curves in longitudinal muscle fron 
these animals were similar to those obtained from animals 


whose noradrenaline stores were not depleted, adenosine 
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responses may not be attributed to release of 
noradrenaline. The transmitter at nonadrenergic 
inhibitory nerve terminals in the gut is currently 
believed to be ATP or another adenosine nucleotide 
(Burnstock et al., 1970). Adenosine responses were 
dissimilar to those induced by histamine, serotonin or 
prostaglandin E1, confirming that adenosine does not act 
via the mediation of these substances. Since ATP 
responses in this muscle were, in all aspects encompassed 
within this Study, qualitatively and quantitatively 
analogous to adenosine responses (see Section 3.1.1.5), it 
may be concluded that adenosine relaxes intestinal 


longitudinal muscle by a direct effect. 


3.1.1.4. Influence of drugs on the adenosine response. 


Adenosine responses were unaffected by 10uM 
propranolol but were antagonised by 10uM phentolamine. 
This effect of phentolamine has been extensively reported 
in the literature (see Section 3.1.3). In view of the 
evidence that adenosine does not act by releasing 
noradrenaline from nerve terminals (Section 3.1.1.3), 
inhibition of adenosine responses was probably due to a 
non-specific membrane effect of phentolamine, Since the 


effect of phentolamine on responses to ATP in this tissue 
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has been investigated by Weston (1971), no attempt was 


made in the present study to quantitate this effect. 


Adenosine responses were not appreciably modified by 
10uH" atropine or by 0.1=-5uM papaverine, 2-10uM 1-methyl,3- 
isobutylxanthine or 10-20uM imidazole. These observations 
are not Consistent with the hypothesis that adenosine 
responses are mediated by cyclic AMP since, if such were 
the case, the phosphodiesterase inhibitors papaverine and 
methylisobutylxanthine should potentiate responses, while 
the phos phodiesterase stimulant imidazole should 


antagonise then. 


Effects of dipyridamole and theophylline are reported 


in Sections 3.1.1.5.2 and 3.1.1.6, respectively. 


3.1.1.5. Adenosine analogues. 
3.1.1.5.1. Responses to analogues in longitudinal muscle. 


Adenosine=-like responseS were induced by purine 
ribosides with a primary amino group (as in adenosine) or 
a secondary amino group in the 6-position (Figure 12). 
The only exception encountered was an 8=substituted 


derivative, 8=-bromoadenosine, which was inactive. 
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RELAXANT 





SUBSTANCE Ry Ro RS Ry Re Re RZ ACTIVITY 
ADENOSINE NH» = H H OH OH OH + 
AMP NH - «HHH OOH POY? + 
ADP Wig Re HY fon On P0575 + 
ATP NH - H H OH OH -P30yg4- A 
a f-mETHYLENE ADP NHy = HH OH OH_~—PO3CHoPO33- +” 
N©-nyDROXYADENOSINE HNOH = H H OH OH OH + 
No-METHYLADENOS INE HNCH3 = H H OH OH OH + 
Ne-1 soPENTENYLADENOS INE HNCcHg =- =H H OH OH OH + 
ADENOS INE-N-ox1DE NH OR H OH OH OH + 
2' -DEOXYADENOS INE NH - H H H OH OH + 
3’ -DEOXYADENOS I NE NH = H H OH OH OH + 
INOSINE OH = H H OH OH OH + 
8-BROMOI NOS INE OH - H Br OH OH OH + 
8-BROMOGUANOS I NE OH - NH» Br OH OH OH + 
8-BROMOADENOS I NE NH - H Br OH OH OH - 
6-mMERCAPTO-PRN SH = H H OH OH OH - 
6-mMETHYL-PRN Cy =a oe H H OH OH OH - 
G-METHY LMERCAPTO-PRN SCH = H H OH OH OH - 
O-mETHOXy -PRN OCH; - H H OH OH OH - 
6-DIMETHYLAMI NO-PRN CH3NCHy - H H OH OH OH - 
€-cHLoRO-PRN Ce ae H OH OH OH - 
2-Am10, C-CHLORO-PRN ae - NH) H OH OH OH - 


Figure 12: Adenosine analogues employed in this study. 

Relaxant activity: +: approximately equiactive with adenosine; *: 
adenosine-like activity below 10uM, see text; +: less potent than 
adenosine by at least three orders of magnitude: -:no adenosine-like 
activity. 
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Analogues found to elicit adenosine-like responses were 
ATP, ADP, AMP, alpha,beta-methylene adenosine diphosphate, 
cyclic AMP, N&=-hydroxyadenosine, adenosine=-N!-oxide, N6= 


methyladenosine and N6-isopentenyladenosine. 


Analogues in which the ribose moiety was missing 
(adenine) or substituted by deoxyribose (2'-deoxyadenosine 
and 3'=-deoxyadenosine) induced at 10-100uM only smali, 
very transient initial responses. Since initial responses 
appear at lower doses of adenosine than do sustained 
responses, it is possible that the responses observed with 
these analogues represented the extreme lower end of a 
dose-response curve resembling that to adenosine. If this 
be true, these analogues must be less potent than 
adenosine by at least three orders of magnitude. Other 
analogues which induced only small, transient responses at 
high doses. were inosine, 8=- bromoguanosine and a= 


bromoinosine. 


Analogues which demonstrated no adenosine-like 
activity at 100uM were purine riboside, its 6-mercapto-, 
6-methyl-, 6-methylmercapto-, 6-methoxy-, 6-dimethylamino- 
e 6*chloro- and 2-amino,6-chloro-substituted derivatives, 


and 8=-bromoadenosine. 


eT a ' . 
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3.1.1.5.2. Comparison of active analogues. 


The relaxant responses to the adenosine nucleotides 
ATP, ADP and AMP were compared to those of adenosine. 
Qualitatively, the response patterns were 
indistinguishable. Consecutive dose-response curves 
performed between pairs of these four substances in 
rotating orders further indicated that all. four were 
roughly equiactive. When ATP and adenosine were compared 
between 1 and 80uM by administering each drug alternately 
with intermediate washing, their dose-response curves 
coincided (Figure 13). ATP responsiveness was found to be 
influenced by cold storage and drugs in a manner identical 
to adenosine and mutual antagonism was manifested between 
sustained responses to ATP and adenosine, as it was 
between those to other adenosine-like drugs and adenosine 


or ATP. 


These observations raise the question of whether the 
adenine nucleotides exert their effects per se or only 
subsequent to enzymatic degradation by ubiguitous, 
extracellular phosphorolytic enzymes to adenosine itself. 
This point is also important in attempting to assign a 
site of action to adenosine since the nucleoside can 
freely permeate cell membranes while nucleotides generally 


cannot. That these permeation characteristics also apply 
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to gut (taenia coli) was indicated by the work of Lynch 
(Burnstock, 1972). Since responses to nucleotides in 
intestinal longitudinal muscle are of equal magnitude and 
rapidity as those to adenosine, enzymatic breakdown due to 
tissue phosphatases, ATPase and nucleotidase would have to 
be complete within very few seconds if relaxant activity 


is to be ascribed to adenosine alone. 


This problem was investigated by the use of specific 
pharmacological toois. Nitrobenzylthioguanosine inhibits 
purine nucleoside transport in human erythrocytes by 50% 
at around 10umM (Paterson & Oliver, 1971 and Paul et al., 
1975) and also inhibits adenosine transport in HeLa cells 
(Paterson & Babb, personal communication), canine heart 
(Olsson et al., 1973) and guinea-pig cerebral cortical 
Slices (Huang & Daly, 1974). It was assumed that this 
compound would also inhibit adenosine entry into smooth 
muscle cells, thus modifying the response if the site of 
action was intracellular. At 10uM this compound had no 
effect, however, on responses to adenosine or ATP, 
suggesting that nucleoside transport is neither essential 
for production of responses nor important in their 
termination in this tissue. Similar results were obtained 
using 1-4uM dipyridamole, a compound known as an inhibitor 
of facilitated transport of adenosine and also as an 


inhibitor of adenosine deaminase. 
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The ADP analogue alpha,beta-methylene-ADP is an 
extremely potent inhibitor of 5'=nucleotidase at doses as 
low as 0.1uM (Burger & Lowenstein, 1970 and Baer 6§& 
Simonson, 975). Since its phosphonate group is not 
amenable to enzymatic hydrolysis, this nucleotide is 
unlikely to be degraded to adenosine or transported into 
the cell within a period of seconds. Nevertheless, this 
compound not only failed to antagonise responses to 
adenosine and its nucleotides, indicating that 
nucleotidase activity is not necessary for nucleotide 
responses, but also itself induced adenosine-like 
responses below 10uM. Since alpha,beta-methylene=-ADP 
failed to antagonise adenosine responses while itself 
inducing an adenosine-like response, and since it also 
could not be expected to enter cells within the period of 
observation, it is possible that ‘autoinhibition', rather 
than the response to adenosine, is a result of adenosine 
entry into cells. This interesting question has not been 
further explored in this study. The above results are 
consistent with a common extracellular site of action for 


adenosine and its nucleotides. 


It may be of interest to mention that while 
alpha,beta-methylene-ADP induced adenosine-like responses 


at doses below 10uM, it manifested an additional dose=- 























ae 


a2 vanes byt -eagailas ea ae 
we nSade #5 “SenhksostoideFe 16 totiaidne sagt0q aun ry 
- = 4 Bs. ITE? iteretawod v say aaltf ‘war 0 et - 
jon 25 Fuaas stp istgetdy -EPE  s0nee . (ener ‘Spake | 
at spftoaford tds \aruvloaaya ota swysns oF 2 fiitasns 
nafs as Jenetpet ai oF yiexrian 
fone te fekzeg.s diaviw Ite> eds 


efak bATIOGeGst? To -9il4 


on aw <3 bod é 
. ees , oF babier Yin ton > Bawogusa aS: 
‘ 7 


tea | saePBoibar biroaiown BgL Sus | “oa teoaen 
broatodir aot piseseso, 4 rou eat YoDvess +8 soubi soo ioum 
Afi-salconaos avons PLseerz aren 3) saa asonsqana 
4GAw Gas! 1ao ~¢ 4 ; my! o0n7fe nate a gen ndusea ~ 


‘Gloom SE ti Syone 97 arcrsor Sha nlidiees 16 OF. pelist. 


avdx +: adie bas ,e00gee2) SALES RRSRaeRR me pubsub ad fi 
sutteq (std “cidsiw 2iteo 449k oF hisapsgue oy toa Brads, — 
pats , *itox PEA EMS rome’ 2547 at dieeoq es at eo 
exteaysss iO sivasy sah (enieoneee o¢ satoqgees odo mete : 
teu 200 24d ao tterip polssvi7saee akke .2tbbo var oe 
sin" s=aletss stods ai? -ybute skate ae ae 


$09 Qoisse. 10 Sota ranean M ares ties ati ee 1 











84 


dependent effect at higher concentrations. This consisted 
of an increase in the amplitude of spontaneous 
contractions and could be particularly well observed using 
cumulative doses. As shown in Figure 14, with 
accumulating doses of alpha,beta-methylene-ADP, the 
adenosine-like response persisted but waS overcome more 
rapidly at higher doses by the additional stimulatory 
effect of this analogue. The effect of each total dose 


Was Similar whether administered singly or cumulatively. 


Cyclic AMP evoked responses in many ways similar to 
those of adenosine. The transient response was, however, 
generally less pronounced in relation to the sustained 
response than was the case with other nucleotides and 
achieved a maximal value only after about 30s. From the 
appearance of responses and the fact that the moieties 
necessary for adenosine-like activity are present in the 
cyclic AMP molecule, it seems likely that at least part of 
the response to cyclic AMP in this tissue is due _ to 
adenosine-like activity. The only factor which might 
reduce the affinity of cyclic AMP for the site of action 
of adenosine and its nucleotides would be distortion of 
the ribose ring or the position and function of its 3'- 


oxygen due to cyclisation of the phosphate group. 


The substituted adenosine nucleosides, Né= 
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Figure 14: Cumulative responses to alpha,beta-methylene-ADP. 

Between cumulative doses of 1 and 4uM, adenosine-like inhibition of 
spontaneous contractions was observed. At 8 and 18uM, dose-dependent 
stimulation of spontaneous activity predominated. Responses were 


indistinguishable whether administered singly or cumulatively. The 
bathing fluid was changed at °«. 
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hydroxyadenosine, N6=-methyladenosine, adenosine-N1-oxide 
and N®6-isopentenyladenosine were approximately equiactive 


With adenosine, 


In summary, the molecular specifications required for 
adenosine-like activity are rather strict, although they 
encompass several naturally occuring substances. To the 
basic adenosine molecule may be added substituents at 
various Sites, excluding the B=position, without 
appreciable change in activity (see Figure 12). The 
substitution of one hydrogen at the 6-amino group is 
permissible, but double substitution or elimination of the 
amino group leads to total loss of activity. It would 
appear that the Né-amine function is involved in hydrogen 
bond formation at the receptor binding site. Omission of 
the Tibose moiety, or replacement with 2'= or 3'=- 


deoxyribose also leads to virtual loss of activity. 


3.1.1.6. Antagonism of adenosine responses. 


Investigation of the mechanism of action of adenosine 
has been hindered particularly by the lack of a 
competitive antagonist for adenosine responses, For this 
reason, a limited effort was made to screen a series of 


available adenosine analogues, in particular those lacking 
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agonistic properties, for antagonism of adenosine 
responses. This was performed by comparing responses’ to 
adenosine immediately before and after administration of a 
100uM dose of each analogue. Of sixteen analogues 
screened in this manner, only those possessing adenosine= 
like activity modified adenosine responses due to the 
phenomenon of ‘autoinhibition' discussed in Sections 
Sel let eed NOME Sa 1s 1 a5 oo It is of interest that neither 
purine riboside nor its 6=chloro-, 2-amino,6-chloro- or 6- 
methoxy~substituted derivatives, which inhibit adenosine 
deamination, modified the sustained response, indicating 
that the biphasic effect is not due to deamination of 


adenosine by the tissue. 


The only purine which was found to antagonise 
adenosine responses without itself inhibiting spontaneous 
activity was theophylline, whose structure is shown in 
Figure 15. Methylisobutylxanthine did not antagonise 
adenosine responses, The mean response to 100uMm 
theophylline itself over 18 experiments was an increase in 
the amplitude of spontaneous contractions of 8 + 3% (range 
-23 to +33%), which, although small, is significant at the 
5% level. This dose of theophylline, which potentiated 
epinephrine responses (Section 3.1.2), antagonised the 
response to 10uM adenosine by 68.3 + 4.9%. It was also 


consistently cbserved that high doses of adenosine (above 
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Figure 15: Structures of adenosine, theophylline and methylisobutyl- 
xanthine, 
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100uM) evoked responses in the presence of theophylline 
which were similar to the maximun response inducible in 
the tissue before theophylline treatment, indicating that 


the antagonism due to 100uM theophylline was Surmountable, 


3.1.2. Sympathomimetics, 


Since spontaneous activity of intestinal muscle is 
inhibited by both alpha- and beta-adrenergic mechanisms, 
responses to phenylephrine, isoproterenol and epinephrine 
were compared to determine qualitative differences between 
responses evoked by a predominantly alpha- or beta- 
adrenergic or a mixed adrenergic agonist, respectively, 
and to compare these to adenosine responses. AS shown in 
Figure 3, epinephrine evoked a rapid initial response 
which was maximal in 10-15 seconds and which waned to a 
smaller, sustained response within 1 minute. Responses to 
phenylephrine were similar to those of epinephrine. 
Isoproterenol, however, induced a_ slower response which 
was usually maximal within 1 minute (Figure 3). When 
responses at 1 minute were measured, dose-response curves 
to epinephrine and isoproterenol fell within approximately 


0.01-2uM. 


Responses to O.7uM epinephrine were partially 








. uh ae 


ani iivdeosds > To, ecaesedy eat or ie 
a2 etdtoubar se dOqest “men bo ode 67 mee 
¢e4o onttontiald | yemromssage sat ieaquens oneal : 


feesavoniv. 25v sat tysqosas NOOO” ‘or = — 























7 a 
mh rie 
; } a a 01) a ne 
a 3 
; CF. : 7 == 
,2rbinalacdzadmys \<S<0s8 7 ap 
‘of afoedum Léafceastat td WF Eee uvoatszaoqe oonke § 
ale fase Steretésis<sred Se “Biqis dtod yd botidiaat 7 


yrxsdgentdas. firs tontedeze rf: oe. odin beadiedaie a3 _cecaogeda ; 

¢ Gopnesat tro virtnttlavoe Siitaeses oF pessqtodSerew 

te’ 30 ssale . ¥itdanieotedd B ed bakows  esenoqeet - 

.ylewtsosgqe , ,jainobs ofpisisszes bax tie 5 to sipremeabe 7 
cE mode 2A .2seanoge a8 nieow dbs oF aaea 8384000: oF Bas 

manowmas Deisinr“oiqey. s 2»Aove sabzdgea tga ye sine 


ay hewsew dotdvebns ebnodsa Gueme ae inntxse ‘oew dgbae Vinee 

st eseddnash -ssuatm | wmtdete +2 MOGSSS ‘jeate sea aettnme” 

; ‘i i 

ssatudesdige io. seodt ,OF rel iwte: s23% . oatsdqetyaeag, 7 
| a 


’ “a - 
dnzde sazoqer: shuocic - 6 bapybas ,isyerod ,fowexe2or 





“ney. .té-otupet) sragia~ Ff, 


g@evisn 


90 


antagonised by 10uM propranolol and more markedly 
antagonised or abolished by 10umM phentolamine, indicating 
that epinephrine acted in this muscle predominantly on 
alpha- but also on betasadrenergic receptors. The 
likelihood of partial beta-receptor involvement in 
epinephrine responses wWas also indicated when 100umMm 
theophylline was found to potentiate sustained responses 
to 0.05uM epinephrine by 28 + 7%, compared to 43 + 8% 
potentiation of 0.05uM isoproterenol, based on six 
experiments each. The adenosine response strikingly 
resembled that to epinephrine, but could not be attributed 
to catecholamine release for the reasons discussed in 
Section 3.1.1.3. It is, however, possible that adenosine 
affects smooth muscle tone via two receptor systems or 
pathways, as does epinephrine, In the absence of any 
specific adenosine antagonists this possibility could not 
be excluded and epinephrine was included in cyclic AMP 


determinations as a control drug, 


The responses to adenosine in the longitudinal muscle 
of the rabbit intestine described in Section 3.1.1.1 are 
Similar to those described by several workers using 


isolated rabbit small intestine (Bishop et al., 1963; Kim 
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et al., 1968 and Bowman 6 Hall, 1970). | “The transient 
nature of the responses which was emphasised by Bowman 6& 
Hali might have been less evident had they allowed drugs 
to remain in contact with the tissue for more than 1 
minute. In the current Studies adenosine and its 
analogues induced sustained responses which were usually 
achieved within one minute but which could not have een 
identified had drugs not been left in contact with the 
tissue for 2 minutes. In the present study, responses 
were better sustained than those described in longitudinal 
muscle by Weston (1971 and 1973b), who found recovery to 
90% of control amplitude within 15min of administration of 
100uMm ATP, Such transient responses could not be 
reproduced in the present study even in the presence of 
10uM atropine, as routinely used by weston. Tt is 
possible that this discrepancy may be due to the fact that 
Weston used physiological saline solution containing 2.5mm 
calcium, aS opposed to our 1.9mm. Since sustained 
responses were reproducible and dose-dependent and, as 
with epinephrine, appeared to constitute the predominant 
response, the effects of pharmacological agents on this 
phase of the response have been studied and reported 
above. The only qualitative difference observed between 
the transient and the sustained phases of the response was 
that ‘autoinhibition' did not always affect both to the 


same degree. It should therefore be borne in mind that 
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transient and sustained responses may not be 
Manifestations of the same drug-receptor interaction or 


molecular mechanisms. 


The finding that adenosine responses deteriorated 
relatively rapidly when muscle was stored at 49°C confirms 
the observation of McDougal & Borowitz C1972) utilising 
guinea-pig ileum. Since cold storage for such a brief 
period (< 24h) is unlikely to induce specific impairment 
of nervous activity, however, this does not constitute 
firm supportive evidence for an indirect effect of 
adenosine via neural elements. On the contrary, the 
experiments using local anaesthetics, guanethidine and 
reserpine confirm the conclusion of Burnstock et al. 
(1970) that adenosine acts directly on smooth muscle, 
provided that an as yet unknown substance is not the true 
‘purinergic' transmitter and that ATP and adenosine do not 


release it frcm non-adrenergic inhibitory nerve terminals. 


The phencmenon of tautoinhibition' has been observed 
by others at 100uM ATP or adenosine in rabbit ileum 
(Mihich et ale, 1954 and Kim et al., 1968) rabbit 
longitudinal muscle (Weston, 1973b) and guinea-pig ileum 
(Weston, 1973a) but not in guinea-pig taenia coli 
(Burnstock Eh al., 1970) and has erroneously been 


described as tachyphylaxis. Rather, it resembles’ the 
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"autoinhibition' of alpha-mediated epinephrine-induced 
contractions in rat vas deferens (Barnett et al., 1968), 
rat uterus (Triner et als, 1970) and vascular smooth 
muscle (Somlyo & Woo, 1967 and Guimaraes, 1972). Since 
Somlyo & Woo (1967) and Triner et al. (1970) found this 
effect of epinephrine to be prevented by propranolol, they 
concluded that ‘autoinhibition' was a result of a betas 
receptor mediated increase in cyclic AMP. By analogy, it 
is possible that ‘autoinhibition' of adenosine responses 
is a manifestation of opposing influences of adenosine on 
the muscle. In the present study ‘autoinhibition' was 
observed at any effective dose and was evident within 90s 
of drug addition. Reversal of this effect was also 
considerably more rapid than has been reported by Weston, 
who washed the tissue for 45min. The findings reported 
above with alpha,beta-methylene-ADP suggest that this 
phenomenon is not due to desensitisation of the receptor 
complex but rather to another event, possibly based on an 
intracellular effect of adenosine, This hypothesis 


readily lends itself to further investigation. 


All results reported in Section 3.1.1 are consistent 
with a common extracellular site of action for adenosine 
and its nucleotides. A similar conclusion has been 
reached by Axelsson & Holmberg (1969) based on the 


inability of inhibitors of ATPase to antagonise responses 
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to ATP in guinea-pig taenia coli. 


Conflicting reports appear in the literature 
concerning the effects of dipyridamole and imidazole on 
adenosine responses in intestinal smooth muscle, Whereas 
Stafford (1966) and Satchell et al. (1972) observed 
potentiation, Hulme 6& Weston (1974a) detected no 
Significant shift in adenosine dose-response curves in 
rabbit duodenum with 0.01-1uM dipyridamole. Since 1ufM 
dipyridamole is sufficient to inhibit adenosine uptake 
(Hulme & Weston, 1974b) and reduced the amplitude of 
Spontaneous contractions by about 30% in the present 
studies, the relevance of any apparent effect on adenosine 
responses at higher doses would be doubtful due to tension 
changes. The lack of effect at 1uM suggests that 
adenosine entry into cells is unimportant in terminating 


responses (Hulme & Weston, 1974a) or in facilitating then. 


Imidazole has been reported: to antagonise ATP 
responses at a concentration of approximately 50mM in 
guinea-pig taenia coli (Rikimaru et al., 1971; Tomita §& 
Watanabe, 1973 and Satchell & Dann, unpublished) and at 
75mM but not at 50mM in ratbit intestine (Bowmann & Hall, 
1970). These doses are extremely high in consideration of 
the fact that in the current studies 20uM imidazole 


increased the amplitude of spontaneous contractions by 
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about 40%. As suggested by the latter workers, effects at 
such doses are probably nonspecific. If imidazole indeed 
contracts smooth muscle by stimulating phosphodiesterase 
and thus decreasing tissue cyclic AMP levels, as suggested 
by Andersson (1973c), the optimal dose for observation of 
antagonism of a cyclic AMP mediated response should be 10- 
20uM since in this range changes in tissue tension ane 


Minimal. No such antagonism was observed in this study. 


Antagonism of adenosine and ATP responses in 
intestinal muscle by phentclamine has been reported by 
other workers. Phentolamine at 180-35C0uM almost abolished 
the inhibitory potential and response caused by 1-10uM ATP 
in guinea-pig taenia coli (Rikimaru et al., 1971; 
Burnstock, 1972 and Tomita & Watanabe, 1973) but 
inhibition could be overcome by higher doses of ATP. 2.5- 
3.5uM Phentolamine has, however, been Shown to antagonise 
responses to phenylephrine but not to adenosine or ATP in 
guinea-pig taenia coli (Tomita & Watanabe, 1973), rabbit 
intestine (Kim et al., 1968 and Bowman & Hall, 1970) and 
rabbit intestinal longitudinal muscle (Weston, 1971). In 
the present studies 10uM phentolamine was found to 
antagonise responses to 40uM adenosine or ATP by about 
30%. Since Weston quotes the pA10 value for phentolamine 
versus phenylephrine in this tissue as 6.7, it is unlikely 


that alpha-adrenergic receptors are involved in the 
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adenosine response. 


The methylxanthine phosphodiesterase inhibitors 
theophylline and 1-methyl,3-isobutylxanthine had divergent 
effects on adenosine responses which have not hitherto 
been reported. In contrast to the observations of Bowman 
& Hall (1970) using rabbit intestine, 100uMm theophylline 
did not significantly alter the frequency of spontaneous 
contractions and stimulated their amplitude minimally but 
Significantly (8 + 3%). Higher concentrations inhibited 
both, This dose of theophylline also invariably 
antagonised responses to adenosine OL ATP while 
potentiating those to epinephrine or isoproterenol, in 
contrast to the diverse effects observed by these workers 
with 100-1000uM theophylline. It is possible that, by 
ignoring the sustained component of drug responses, the 
difference between the theophylline effect on 
catecholamines and on adenosine and ATP may have’ been 
obscured in their system, Alternatively, the sensitivity 
of isolated whole intestine to theophylline may be more 
variable than longitudinal muscle and consequently a dose 
capable of modifying drug responses without prejudicing 
spontaneous activity may not have been identifiable in the 
Study by Bowman & Hall. It is interesting to speculate 
whether in the present study 100uM theophylline stimulated. 


Spontaneous activity in intestinal muscle by a mechanisn 
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Similar to the calcium-mobilising action of caffeine 


reported in vascular muscle by Somlyo & Somlyo (1968). 


Antagonism of adenosine responses was not’ shared by 
methylisobutylxanthine, an analogue of theophylline (see 
Figure 15). In six separate experiments responses’ to 
100uM adenosine after 10uM methylisobutylxanthine vere 
114.7 + 5.5% of their respective controls. Since this 
dose of methylisobutylxanthine, a more potent 
phosphodiesterase inhibitor than theophylline, reduced the 
amplitude of spontaneous contractions DVS. Ott eee, 
phosphodiesterase inhibition seems to have no influence of 
functional significance on adenosine responses and, on the 
other hand, no antagonism between methylisobutylxanthine 
and adenosine seems to exist. Responses to 10uM adenosine 
or ATP were unaffected by 2=5uM methylisobutylxanthine. 
These results contrast with evidence of antagonisn by both 
theophylline and methylisobutylxanthine of adenosine- 
induced cyclic AMP accumulation in guinea-pig cerebral 
cortical slices (Huang et al., 1972). In the latter 
instance, antagonism by theophylline has been suggested to 
be competitive. In intestinal longitudinal muscle the 
antagonism induced by 100umM theophylline upon responses to 
adenosine and ATP may also be overcome by high doses of 
agonist (Section Bast. GO). Since theophylline 


demonstrates a number of pharmacological responses, 
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possibly due either to its ability to inhibit cyclic 
nucleotide phosphodiesterase or to some direct effects on 
calcium movements, this feature of its antagonism of 
adenosine responses in smooth muscle does not indicate 
that the antagonism is necessarily competitive. In view 
of the fact that neither nitrobenzylthioguanosine nor 
dipyidamole antagonised responses to adenosine, although 
they inhibit adenosine transport in other systems more 
effectively than does theophylline, it is unlikely that 
antagonism by theophylline was due to impairment of 
adenosine uptake into cells. Nevertheless, since the 
hypothesis to be tested was that smooth muscle relaxation 
induced by these substances may be mediated by cyclic AMP, 
theophylline was chosen, in the absence of a reliable 
competitive antagonist, as the drug most likely to 
interfere with a possible stimulatory effect of adenosine 
on smooth muscle adenylate cyclase, choosing doses which 


do not affect cyclic AMP levels by themselves. 


Structure-activity relationships of adenosine 
analogues in nicotine=-stimulated longitudinal muscle of 
the guinea-pig ileum have been found by Leslie et 
al. (1973) to be somewhat different from those in vascular 
smooth muscle (see Section 1.1.4). Guinea=pig ileal 
longitudinal muscle was more responsive than aortic strips 


to analogues in which the electron distribution in the 
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purine ring was altered (1-methyladenosine and 
toyocamycin) whereas ileal muscle was less responsive than 
aorta to 2't-deoxyribosides (2'-deoxyadenosine and 2',3'- 
isopropylidene adenosine). Both types of smooth muscle 
exhibited requirements for hydrogen bonding at the Né- 
position and for basicity at the Nt-position. The results 
reported in Section 3.1.1.5.1 are in agreement with the 
necessity for hydrogen bonding in intestinal muscle at the 
N& and 2'=-positions as proposed by these workers and 
further suggest that the 3'-position constitutes another 
such site. In rabbit as opposed to guinea-pig intestinal 
longitudinal muscle, however, adenosine-N!-oxide elicited 
adenosine-like responses, indicating that a species 
difference exists over the importance of the N!-position 
as a nucleophilic site. The inability of 8=-bromoadenosine 
to induce a response corresponds with the inability of 
this analogue to bind to the protein carrier for adenosine 
transport in myocardium (Olsson et al., 1973). Adenosine 
deaminase also wiil not utilise Several 8-substituted 
adenosines as substrate (Simon “et  al.,” 1970), It is 
| likely that substitutions at this site prejudice the free 
rotation of the purine relative to the ribose ring which 
in this case prevents the adoption of the conformation 
about the glycosidic bond appropriate for either enzyme 
catalytic (Hampton et al., 1972) or drug receptor sites 


(Olsson et al., 1973). 
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All other things being equal, the relative potencies 
of adenosine and its nucleotides might be expected to vary 
in different test systems according to the relative speed 
with which their responses are terminated. In intact 
animals, adenosine responses are very rapidly terminated 
by uptake into tissues, especially lung, and subsequent 
phosphorylation or deamination, while nucleotides would 
first be dephosphorylated to adenosine. In isolated 
tissues, however, these processes usually become less 
influential on responses due to the relatively large 
reservoir of extracellular adenosine in the organ bath. 
Nevertheless, although Burnstock et al. (1970) and 
Axelsson & Holmberg (1969) found responses to ATP and ADP 
in guinea-pig taenia coli to fall in a dose range similar 
to the present study, AMP and adenosine exhibited only one 
hundredth of the potency of the other nucleotides in that 
tissue. Bowman & Hall (1970) also found the order of 
potency in rabbit intestine to be ATP > ADP > AMP > 
adenosine, as would be expected if responses were 
influenced by uptake and metabolism of adenosine, It may 
not even be possible to reduce uptake appreciably using 
transport inhibitors, since at concentrations above 10um 
adenosine may permeate cells predominantly by simple 
diffusion. Differences in the activity of tissue 


phosphorolytic enzymes, in the volume of the extracellular 
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drug reservoir in relation to intracellular Space, and in 
the concentration of adenosine or ATP studied may 
therefore account for the conflicting reports of the 
effect of dipyridamole on responses to adenosine and 
nucleotides in isolated smooth muscle, Entry into cells 
may also account for the failure of adenosine to produce 
responses equivalent to those of nucleotides in some 
Systems. There is evidence to indicate that under the 
circumstances of the present study neither nucleotidase 
activity, uptake nor deamination influences adenosine 
responses in rabbit intestinal longitudinal muscle. The 
corollary to this finding is that the true relative 
potencies of adenosine and its nucleotides may be 
reflected in this tissue. Although Weston (1973b) 
concluded that ATP was more potent than adenosine from 
mean dose response curves compiled for each drug on 
different strips of rabbit duodenal longitudinal muscle, 
the standard errors for all points but one on his. mean 
dose response curves overlapped. It is therefore unlikely 
that a real difference in potency existed. The present 
study indicated that no difference in potency could be 
detected between adenosine and its nucleotides on the same 
strips and that adenosine and ATP were equipotent over a 
considerable dose range when administered alternately 


(Figure 13). 
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3.2.1. Characteristics and kinetics of adenosine 


inhibition 


Adenylate cyclase was prepared from several tissues 
as described in Section 2.2.1, and was found in all cases 
to be inhibited by concentrations of 0.0imM adenosine or 
more. At imM, adenosine inhibited cyclase activities by 
40 to 80% and fluoride- or hormone-stimulated activities 
were affected at least as much as basal activity (Table 
i In no tissue was significant stimulation of cyclase 
by adenosine observed. Since rat brain yields an 
adenylate cyclase of high specific activity allowing more 
reliable kinetic measurements, the kinetics of the 
adenosine effect was investigated using this tissue. The 
major conclusions were subsequently reexamined using other 
tissues and appeared to be generally valid. The dose 
effect curve for adenosine inhibition of adenylate cyclase 
from rat brain in the presence and absence of fluoride is 


Shown in Figure 16. 
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Enzyme source Addition 
Whole rat brain ~ 

" 10mM NaF 
Rat cerebellun = 


Rat cerebral cortex = 


Rat kidney cortex 10mM NaF 


Ehrlich ascites - 
” 10mM NaF 
am O.1mM Epi2 
Rat fat cell - 
it 10mM NaF 
" imM Epiée 


n" 20ug/ml ACTH 


‘ 10ug/ml Gluc3 14645 


Dog platelets = 
" 10mM NaF 
Guinea-pig lung 10mM NaF 
Mouse heart - 
" 10mM NaF 
a O.1mM Epi2 
Rat heart = 
a 10mM NaF 
" O.1mM Epi2 
Rabbit heart = 
Li 10mM NaF 
wu O.imM Epi2 
Guinea=pig heart - 
" 10mM NaF 
8 O.1mM Epi2 
Rabbit intestinal 
muscle 10mM NaF 


Table 3: Effect of 
1: adenosine; 2 
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(pmoles/ng.min) h 
No AR? Ja AR? Inhibition 
113+1 o275 41 
21543 105+4 62 
14946 6043 60 
50+2 29+1 42 
6243 2841 25 
10.640.2 6.140.3 42 
7246 Fake | 66 
3242 T2250 52 61 
5943 2741 54 
4744+1714 87+1 79 
33742 58+4 83 
187 3122 83 
33+2 78 
3242 Slee RLU 5) 74 
16348 3943 76 
16542 Se 68 
S290. 1, 3.540.4 60 
49,641.17 12.340.1 76 
Jt O ieee Oe Oo 72 
8.640.2 4.240.1 53 
34.541.0 10.941.5 68 
Dis otOe ces 32054 55 
SZ Ot AMO eo LU.9 1/5 
937%.142—.0) 20.6+0.3 78 
45.145.0 10.4+40.8 79 
Vette Oeil 9) ot tO 63 
Dee Otte. Gado elt) co 75 
20.240.5 9.440.7 56 
10948 32+4 the) 
ine on adenylate cyclases. 
3: glucagon. 
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Figure 16: Dose-effect curve of adenosine on adenylate cyclase from rat 
brain, 

Curves in the absence and presence of 10mM sodium fluoride. Means + 
standard error of triplicate determinations. 100% in the presence of 
fluoride was 274 + 3pmoles/mg.min and in its absence 163 + 3pmoles/mg.min. 
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3.2.1.1. Time dependence and reversibility. 


When rat brain cyclase was added to complete reaction 
mixtures, cyclic AMP production as a function of time was 
found to be linear in the absence and presence of 2mM 
adenosine (Figure 17). This indicated that inhibition by 
the nucleoside was essentially immediate following 
addition of enzyme. Coincident rates of cyclic AMP 
formation were also observed in control incubations and in 
tubes in which the enzyme had been exposed to 2.5mm 
adenosine for ‘min followed by addition of adenosine 
deaminase and ATP as substrate. These observations were 
further confirmed by incubating the enzyme with 2.5mM 
adenosine for 14min prior to initiation of the reaction 
with ATP. The inhibitory effect of adenosine was 
immediately reversed after 5min by addition of sufficient 
adenosine deaminase to hydrolyse all adenosine present to 
inosine within 15s (Figure 18). Similar observations were 
made using cyclase from Ehriich ascites and rat fat cells. 
These results indicate that the effect was due _ to 
adenosine per se and was not artifactual, for example due 
to phosphorylation of adenosine by any contaminating 
nucleoside kinase and myokinase in the cyclase preparation 
and subsequent dilution of the ATP-alpha-32P substrate of 


the cyclase reaction. 
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Figure 17: Time dependence and reversibility of adenosine-induced 
inhibition of cyclase, ae 

Samples were withdrawn from incubation media at the appropriate times and 
immediately spotted over EDTA-stop solution on PEI plates. Dots represent 
individual determinations from control tubes, crosses represent determina- 
tions from media exposed to adenosine. A: in the continued presence of 
2mM adenosine, The reaction was initiated by addition of enzyme. B: 
adenosine deaminase added after exposure of the enzyme to 2.5mM adenosine 
for one minute. The reaction was initiated 15s later by addition of 
substrate, 
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Figure 18: Reversal of adenosine-induced inhibition of cyclase, 

The reaction was initiated by addition of substrate. Open circles: 
adenosine and adenosine deaminase were added before the enzyme. Water 
added 5min after initiation of the reaction. Closed circles: adenosine 
in contact with the enzyme for lmin before initiation of the reaction. 
Inhibition was immediately reversed upon addition of adenosine deaminase 
at 5min. 
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Se2e1czez. Kinetics. 


The kinetics of adenosine inhibition of adenylate 
cyclase was studied by comparing cyclase activity at six 
concentrations of ATP in the presence of 0, 0.1 and 0.3mM 
adenosine. Rate curves were obtained in the presence and 
absence of sodium fluoride and rate parameters with their 
Standard errors were calculated using the FORTRAN computer 
programme HYPER by Cleland (1963a) which makes a weighted 
fit to the reciprocal form of the rate equation: 

V = Vmax S f (Km + S). 

Figure 19 shows a double reciprocal plot of rate versus 
substrate concentration with lines fitted by this 
programme. Calculated values of Vmax and Km with their 
standard errors are shown in Table 4 for five experiments 
uSing two different preparations of rat brain cyclase. By 
inspection of this table it can be seen that both the 
slope and the intercept on the Yeaxis (Vmax) appear to 
have been influenced dose dependently by adenosine, 
although a substantial error exists in the slope 
estimates, and that the Km for ATP was relatively 
unaffected. Inhibition by adenosine was therefore clearly 
non-competitive and the data were subsequently fitted to 
the equation for linear non-competitive inhibition: 

V = Vmax S/{ Km(1 + I/Kis) + S$(1 + I/Kii) Jj 


using the FORTRAN programme NONCOMP by Cleland (1963a), as 
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RAT BRAIN CYCLASE 
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Eicure 19: Double reciprocals plot of rate of cyclase activity versus 


substrate concentration at three concentrations of adenosine, 


Se SS =, SSS ee eee SS, SSS SS, SS SS eS SSS SSS, SS 


Rat brain cyclase. Points are means of triplicate determinations and 
lines were fitted by the programme HYPER. 





Enzyme NaF Adenosine KmATP 
Expt. Preps (mM) mM) {aM) Vmax Slope2 

1 A 0 0 0. 162+0.024 260412 0.6224+0.071 
0.7 0.146+0.019 205+ 8 0.710+0.073 

0-3 0..11020.0 24 149+ 9 0.737+0.104 

2 A 10 0 0.114+0.016 483422 0.23640.026 
0.1 0.10640.011 394413 0.377+0.024 

C3) 041282 0-.010 340+ 9 0.26940.023 

3 A 10 0 0.22240.022 846433 0.262+0.0177 
0.1 O.208+0.025 662+30 0.31540.025 

0.3 0.23340.030 538427 0.3954+0.040 

4 B 0 0 0.072+0.009 208+ 6 0.34840.035 
0.1 0.07140.016 160+ 9 0.4424+0.086 
0.3 0.06640.012 a20t) > 0. 51840-5076 

S, B 0 0 0.078+0.017 £190+ 9 0.40940.076 
O51 0. 05140.0710 TZ29t5 5 0.39140.064 

0.3 0.07140.020 113+ 7 0.624+0.151 


Table 4: Kinetic constants from programme HYPER: rat 


He pmoles/mg.min; 2: Km/Vmax (mg.min/fumole.l). 
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the simplest further analytical step. The calculated non- 
competitive inhibition constants Kis and Kii are shown in 
Table 5 and represent the concentration of adenosine 
required to double the slofe or intercept, respectively, 
of the double reciprocal plot. If an inhibitor does not 
modify the Km for the substrate then the two non- 
competitive inhibition constants are identical. aan: 
of the high standard errors in Kis, it is not obvious fron 
these constants whether adenosine exerts a small but real 
influence on the Km for ATP or not. Similar non- 
competitive inhibition by adenosine was observed using 
adenylate cyclase from rabbit heart (Table 6), which was 


more sensitive to adenosine inhibition than was brain. 


Scac2<) ELEect of adenosine analogues on adenylate 


cyclase. 


The effects of fourteen adenosine analogues at 1mM on 
adenylate cyclase prepared from rabbit intestinal 
longitudinal muscle by digestion with collagenase are 
shown in Table 7. The order of potency of analogues which 
inhibited this cyclase was 6=-mercapto= and 2-amino,6- 
mercapto-purine ribosides > 2'-deoxyadenosine > 3'- 
deoxyadenosine > adenosine > N6=hydroxyadenosine > purine 


criboside. Similar results were obtained using a different 
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Expt. Enzyme NaF KmATP Vmax Kis Kii 

bumber prep. mM) (mM) {(pmoles/mg.min) (mM) (mM) 
1 A 0 0. 166 260 Ares ORG 
+0.017 + 9 #217 £0.06 

2 A 10 0.C98 468 Sy) 0.72 
+0.008 +71 40.10 +£0.11 

3 A 10 Onze 830 Gm 5 Oao3 
+0.02 +30 40.19 +£0.09 

4 B 0 0.073 205 Ono 4 0.43 
+0. 009 + 6 40.42 +0.07 

5 B 0 0.073 183 O73 0.38 
+0.013 + 8 +0.84 +£0.07 


Table 5: Kinetic constants from programme NONCOMP: Lat 





NaF AR! 
Expt. (mM) (mM) 
0 
1 0 0.023 
6.078 
6) 


Tt: “adenosine; 
(mg.min/umole.1). 


KmATP 
{muy 


0.055 
+0.010 


0.065 
+0.019 


0.070 
+0.017 
0.037 
+0.003 


0.040 
+0.007 


0.042 
+0.007 


Le +0.43 
ae ZZ 5 
+ 1.9 +0.46 


Kis 


{muy 


0.09 
+0.06 


0.07 
+0.02 


0.21 
+0. 06 


0.09 
+0.01 
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Nuclecside NaF Adenylate cyclase activity 
{imn) (10 mM) {pmoles/ng.min) 
= - 16574 1.0 
- + 108.5 + 8.4 
Adenosine + 31.7 + 4.4 1 2 
Adenosine derivatives: 
N6-hydroxy + lees Ga Tee a 
N6-methyl + 95.0 st als0 2 
N6-isopentenyl + oh Waa ee ee, 2 
N6-dimethyl + 69.8) 4.4.9 
2'=-deoxy + 16s eteo. On 2 
3'-deoxy + idaieler Boe Wee ey OS 
8-bromo + 79.3.4 14.2 
Purine ciboside derivatives: 

Purine riboside + 18.5) 4+7455° ¢ 
6-methyl + Eves) Ss SP 
6-chloro + 104.0 + 10.7 

6-mercapto + 13. ete. Oe t 
6-methylmercapto + OMe A es Mee’ 
6-methoxy + G2eioet oot 

2-amino, 6-mercapto + Ie Set 


Table 7: Effect of analogues on longitudinal muscle 
adenylate cyclase. 

Adenylate cyclase activity in the presence of nucleosides 
and fluoride. Mean and standard error of triplicate 
incubations. 1: Significantly different from control in 


the presence of fluoride (f<0.05). 2: Relaxes the muscle. 
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preparation of longitudinal muscle cyclase. 


Rat brain adenylate cyclase was inhibited less by 6= 
mercapto=purine riboside than was longitudinal muscle 
cyclase and 6-methy1- purine CTiboside was also inhibitory 
in that tissue. The order of potency using rat brain was 
3'-deoxyadenosine > adenosine > N&-hydroxyadenosine > Bc 
methyl-purine riboside > 6-mercapto-purine riboside. The 
relative potencies 3'-deoxyadenosine > adenosine > N&=- 
hydroxyadenosine were also found using rat and rabbit 
heart. 2-Chloroadenosine had little effect on the latter 
enzyme. The degrees of inhibition induced by adenosine 
and 3'=deoxyadenosine in rat brain cyclase were not 
additive (Figure 20), indicating that the two substances 


probably shared common mechanisms or sites of action. 


The influence of theophylline on adenosine inhibition 
was studied uSing adenylate cyclase from guinea-pig lung, 
since this preparation has been reported to be low in 
phosphodiesterase activity (Weinryb & Michel, TRS) A 
Although this cyclase did contain phosphodiesterase 
activity (sufficient to hydrolyse 1ipmole 3H=-cyclic AMP by 
approximately 90% in 20min), the contamination had no 
detectable influence on the outcome of adenylate cyclase 
assays performed in the absence or presence of unlabelled 


cyclic AMP in the assay medium. Theophylline weakly 
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Figure 20: Non-additivity of the effects of adenosine and 


3'-deoxyadenosine 


Means of duplicates. Standard errors are approximately +lpmole/mg.min. 
AR: adenosine 0.3mM; 3'~dAR: 3'-deoxyadenosine 0.64mM, 
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inhibited this cyclase by up to 35% at 20mM. Higher 
concentrations were not used because of solubility limits 
at 409C, In the presence of 1000uM theophylline, cyclase 
was inhibited by 14h. The effect of adenosine was, 
however, unaltered between 1 and 1000uM (Figure 21), 
indicating that in this system adenosine and theophylline 


do not act at the same site. 


3.2.3. Discussion of adenosine inhibition of adenylate 


cyclase. 


The results presented in this section indicate that 
the inhibition by adenosine of adenylate cyclase 
originally reported for rat liver (Moriwaki & Foa, 1970) 
is not peculiar to that tissue but is also seen with the 
enzyme from various tissues of several species and thus 
appears to be a general phenomenon of mammalian systems, 
Whereas Iwai et al. (1972) found inhibition of protein 
kinase by adenosine to be competitive with respect to ATP, 
the kinetics of adenylate cyclase inhibition clearly 
indicates that adenosine acts non-competitively in this 


system (Cleland, 1963b). 


Although in purified enzyme preparations non= 


competitive inhibition may be interpreted as interaction 
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cyclase from guinea-pig lung. 


Méans = standard errors of triplicate determinations. Solid line: theo— 
phylline absent. Dashed line: 1mM theophylline present. 100% in the 
absence of theophylline was 165 + 2pmoles/mg.min and in its presence 142 
+ 4pmoles/mg.min. 
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of the inhibitor with an allosteric site on the enzyme, 
this interpretation is unlikely to be precise in the 
present case since the cyclases studied were components of 
relatively large membrane fragments. A similar inhibition 
pattern would be observed under these circumstances if 
adenosine induced a perturbation in relatively remote 
parts of the membrane resulting in impaired Oeraiei ee 
activity through distortion of the lipid matrix or 
protein-protein interactions resulting in a conformational 
Change in the enzyme. Some of the results actually 
suggest that this may account for at least a portion of 
the observed inhibition. The greater degree of inhibition 
due to adenosine with fluoride=- or hormone=-stimulated as 
Opposed to basal activity (see Table 3) indicates that 
adenosine effects are not restricted to the catalytic site 
but may also influence a step common to the stimulatory 
agents. To the extent that hormone-induced stimulation is 
dependent On the integrity of the membrane, it is 
conceivable that distortion of the lipid matrix would 
influence the effect of stimulatory agents more than basal 
enzyme activity alone. Alternatively, more than one site 
of adenosine action must be postulated to account for 


these observations. 


Subsequent to submission of some of these results for 


publication (McKenzie & Baer, 1973 and Baer & McKenzie, 
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1973), other reports of inhibition of adenylate cyclase by 
adenosine have appeared in the literature, Fain et al. 
(1972) described inhibition of epinephrine activation of 
cyclase from fat cell ghosts by adenosine and several of 
its analogues. Their results were in general agreement 
With those in Table 7, except that the fat cell enzyme 
resembled that of rat brain in being refractory to 6- 
mercapto-purine riboside. Fain (1973) later reported that 
the relative potencies of analogues differed in intact 
white fat cells as opposed to their ghosts and confirmed 
the rapidity of onset of adenosine inhibition and its 
ready reversal with adenosine deaminase. Weinryb & Michel 
(1974) reported inhibition of guinea-pig lung cyclase by 
adenosine and several 9=substituted derivatives, some of 
which were more potent than adenosine. Inhibition of lung 
cyclase was dependent on magnesium concentration and an 
analogue, 9=-(tetrahydro-=2-furyl)adenine, inhibited in an 
apparently S-linear, I-hyperbolic non-Competitive manner. 
These workers interpreted their observations as indicating 
negative cooperativity and hence more than one binding 
site for the analogue under study and for adenosine. 
While interpretation of a sophisticated analysis as 
applied to a crude enzyme preparation is difficult as 
discussed above, the observations of these workers 
substantiate the assertion that inhibition by adenosine is 


generally not competitive and that more than one site of 
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action may be involved. If the magnesium dependence 
reported by Weinryb & Michel is also general, which is 
likely since Moriwaki & Foa (1970) reported a similar 
Situation in rat liver, then better estimates of the slope 
of the double reciprocal plot and of Kis (Tables 4, 5 and 
6) might have been obtained in the present study by 
maintaining a constant Mg:ATP ratio in rate aire 
experiments. Weinryb & Michel found that this improved 
the linearity of their double reciprocal plots. Fain 
(1973) found adenosine inhibition in white fat cells to be 


independent of calcium concentration. 


While the relative potencies of a series of adenosine 
analogues may vary somewhat between tissues, Table 7 
indicates that in ilongitudinal muscle of the rabbit 
intestine relaxant activity appears unrelated to 
inhibition of adenylate cyclase. Not only do 
pharmacologically inert analogues inhibit this cyclase, 
but two out of three relaxant analogues fail to do so. 
The lack of correlation between the two parameters may not 
therefore be attributed to failure of pharmacologically 
inactive analogues to gain access to an intramembranal 


Site at which cyclase is inhibited. 


In view of the postulated competition between 


adenosine and theophylline at a stimulatory site on the 
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adenylate cyclase complex and considering that 
pharmacological responses to adenosine are frequently 
antagonised by theophylline, evidence of an interaction 
between these two substances at the level of adenylate 
cyclase inhibition was sought. Since inhibition by 
theophylline of contaminating phosphodiesterase might have 
been a source of imprecise kinetic measurements, the 
tissue chosen waS guinea-pig lung which proved to be 
relatively free of phosphodiesterase, as reported by 
Weinryb & Michel (1971). The lack of effect of an 
inhibitory concentration of theophylline on adenosine- 
induced inhibition indicates that the effects of these 
substances are independent. Since similar results were 
obtained using rat heart enzyme and 1mM adenosine plus 
20mM theophylline (which had no apparent effect on cyclase 
activity when added alone), the lack of interaction is not 


peculiar to guinea-pig lung. 


Although no stimulation of adenylate cyclase from 
longitudinal muscle by adenosine or its analogues was 
observed and thus no support was obtained for the 
hypothesis that cyclic AMP mediates adenosine responses, a 
negative result in this case did not refute the 
hypothesis. The effect of adenosine on adenylate cyclase 
from rat brain and cerebral cortex was similar to its 


effect on all other cyclases investigated, although there 
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is good evidence for the existence of an adenosine- 
stimulated regulatory unit in this tissue (Sattin & Rall, 
1970; Shimizu & Daly, 1970; Huang et al., 1972 and Huang & 
Daly, 1974). Since labile adenosine-stimulated activity 
superimposed on the general inhibition has been reported 
in thrombocytes by Haslam & Lynham (1972), it iS possible 
that the stimulatory activity in brain is also too VAbITe 
to be observed in broken cell preparations or else that it 
is obscured by the preponderance of enzyme which is 
inhibited by adenosine. Similarly, it is conceivable that 
snooth muscle also contains cyclase-related adenosine 
receptors which are labile and therefore not detectible in 


broken cell preparations. 


When this work was begun, Davies (1968) had deduced 
through studies on tJlipolysis in adipose tissue that 
adenosine inhibited adenylate cyclase in adipocytes. In 
1969 Stock & Westermann reached a Similar conclusion with 
respect to phenylisopropyl-adenosine and suggested that 
this analogue interfered with ATP binding to adenylate 
cyclase. Direct evidence of inhibition of cyclase by 


adenosine had been reported only by Moriwaki & Foa (1970). 


In the same year Schaumann et al. (1970) suggested 
that the cardiovascular effects of adenosine might be due 


to cyclase inhibition since they were antagonised by the 
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phosphodiesterase inhibitor theophylline. Later, the 
coauthors Dietmann & Juhran (1971) retracted this 
suggestion as applied to coronary vasodilation since 
antagonism of adenosine effects by theophylline was 
clearly not functional in that system. This emphasises a 
major difficulty in ascribing inhibition of cyclase as the 
mechanism whereby adenosine might induce an effect in any 
tissue, namely that theophylline antagonises many 
adenosine responses, such as smooth muscle relaxation and 
cyclic AMP accumulation in brain slices in what appears to 
be a non-functional fashion, Since theophylline increases 
cardiac contractility while adenosine decreases it, it is 
conceivable that a functional antagonism might exist 
between these substances on myocardial cyclic AMP levels. 
This hypothesis gains some support from the results 
reported above from hearts of various species. Since the 
dose of adenosine necessary to reduce heart rate is about 
100 times that required to increase coronary flow 
(Schoendorf et al., 1969) it is possible that 
concentrations sufficiently high (> 10uM) to inhibit 
cyclase are achieved in the myocardium under these 
pharmacological conditions. It is also relevant that the 
metabolic effects of adenosine in perfused rat hearts 
described by Raberger et al. (1970) as similar to those 
seen with epinephrine and presumably mediated by cyclic 


AMP, were observed at a dose of adenosine which did not 
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reduce heart rate. The available information is therefore 
not incompatible with the suggestion that cardiac 
depression, as opposed to coronary vasodilatation, may be 
induced by adenosine through inhibition of adenylate 


cyclase. 


A physiological role for adenosine in fanipiring 
lipolysis through inhibition of adenylate cyclase, 
especially in the presence of hormones, has been proposed 
by Fain et al. (1972) and Fain (1973), who described 
inhibition of epinephrine-stimulated cyclic AMP 
accumulation and adipocyte cyclase by adenosine and 
several derivatives, as discussed above. Schwabe et al. 
(1973) detected inhibitory amounts of adenosine in medium 
containing high concentrations of adipocytes which were no 
longer responsive to hormone-induced stimulation of 
cyclase. Adenosine accumulation correlated with decreased 
cyclase activity over time but not with the extent of 
previous hormone stimulation or with the rate of 
lipolysis. While the observations of Schwabe et al. are 
essential to Fain's suggestion that adenosine may be a 
physiological feedback inhibitor of adipocyte adenylate 
cyclase, the lack of correlation between cyclase 
stimulation by hormones and appearance of adenosine in the 
medium does not support this hypothesis. Both groups 


noted a discrepancy between reduction of adipocyte cyclic 
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ANP levels in the presence of adenosine and the rate of 
lipolysis. Unexpectedly, perhaps, in view of Davies' 
(1968) observations that adenosine inhibits also the 
lipolytic effect of dibutyryl cyclic AMP presumeably by 
inhibiting the relevant protein kinase, inhibition of 
lipolysis by adenosine was less pronounced than inhibition 
of cyclic AMP accumulation. Fain et al. (1972) suggested 


that not all of the cyclic AMP accumulation due to 


lipolytic agents is associated with regulation of 
lipolysis. While adenosine Very probably inhibits 
lipolysis partly through cyclase inhibition at 


pharmacological concentrations, as has been claimed for 
phenylisopropyl-adenosine (Stock & Westermann, 1969), it 
remains unproven that concentrations sufficient to inhibit 
adenylate cyclase arise under physiological conditions in 


adipose or any other tissue. 
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Cyclic AMP levels in longitudinal muscle strips were 
estimated as described in Section 2.1.3 and expressed as 
pmoles per mg protein. Since collagen is insoluble in 
0.5N sodium hydroxide at room temperature, protera 
estimates ignored collagen content, but were roughly 
proportional to tissue wet weight. The mean protein 
content of samples was 2.44mg, with standard deviation 


0.80 and standard error 0.04mg (n=405). 
Seielen Variation. 


As this work progressed, it became evident that 
cyclic AMP levels in untreated muscle strips from 
different animals showed astoniShing variation in spite of 
the fact that all strips behaved similarly mechanically. 
Consequently, much greater variation in cyclic AMP levels 
WaS encountered between different animals within an 
experimental group than between drug-treated and control 
strips obtained from cne aninal and Manipulated 
identically. This fact demanded that statistical analysis 
of results be performed in a paired or block design 
whereby drug treated tissues were compared only with 


controls obtained under identical circumstances. Of 18 



















ter 

‘gnacebea benaborse: Lee aie 2) See 

| we ee agi 1 HOP, “ 

sre0 “anitise stodu0 Lf: Trees) wt ctavei te sry o 

Hiteeioxs fo ¢.0.5 noida? see puitsatves 

7 tiulowas ‘a: ({.5 aaa?) Jee ae qq Stay 
23074 {fad erage sods Fa -Sbigoshye avibua 42.0 

y 16 Soo: aap iioe fesoapt astsaks2s _ 

aheto. ‘cim caf (Lrdpte@e “Saat” Bieta ~ oo isnozszogorg = 

\itpiveh basboste Asiv \ pesky “Se eee ade sastacs Va 

. (EO pHi) anid ie 1oa70 bykbnase Ads 08,0 

- ong 7 - 

HOESEL GEV “eae ~ 


r ae a 





tens a sio°od st ,bSedegpesg Mase side Gee 
62% subg+a’ slocom. “be +ehsatall “WE enema ORR sELS¥S 4 
P 


sine ni. dotasicsy baideenosas eecde elewlas sasrsa32b- 

({earasdos4 rf pPfer2 evedad 24 2i%e {£5 sad? Joer wat 

2igyal GA oifsyo td soiss aay ia tseay foue  thzasupeansa= 

a6 abit 2leglad&’” tasssttaen ae dazed Novesueyon. <a 

tartaen bas asd 6e72 push ia ised nett i 
Seteteqinua: bas 
. Brot: 


— 





128 


animals, each contributing to two complete blocks, the 
meah control value over both blocks was 6.10pmoles/ng 
protein, with standard deviation 3.25 and standard error 
0.54 (n=36, range 1.77 to 17.75). It should be emphasised 
that no correlation existed between these values and 
either protein content of strips or recovery of labelled 
cyclic AMP. The variation could be observed in the assay 
of cyclic AMP itself and on subsequent checking of the 
assay system (see Section 2.1.3.4) high values were 


invariably confirmed. 


The degree of reproducibility of Cyclic AMP 
estimations in fresh strips from the same animal is shown 
in Table 8. In these experiments strips were under no 
tension and were equilibrated in aerated Tyrode at 37°C 
for at least 1th prior to sampling. Group II was sampled 
30-40min after group I, after a similar equilibration 
time. While the mechanical activity of these strips is 
unknown, strips maintained under tension for similar time 
periods were spontaneously active. Drug treated strips 
sampled within 5min of their controls belonged to the 
population of group I or group II, respectively. The 
least significant difference between treatments within 
each group (see Section 3.3.3 and Appendix) was 20-40% of 
the group control mean. Table 8 emphasises that, even in 


strips which have been equilibrated as required for 
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Group I Group II 
— cyclic AMP aon eennrcy cli cuAND am 
Expt. n {pmoles/mg protein) nn Jpmoles/mg protein) 
149 6 11.42 + 2.56 5 4.26 + 0.32 
150 6 11.19 + 1.40 6 1.91 + 0.35 
151 6 5.04 + 0.37 6 Veco ten 20 


Multiple cyclic AMP measurements from individual 


Mean + standard error of untreated strips. Groups I and 
II were frozen by immersion in liquid nitrogen after at 
least 1h equilibration but separated in time by 30-40min. 
Treated samples frozen within 5min of controls belonged to 
the population of their respective group. 
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optimal spontaneous activity, a close temporal 
relationship in sampling and identical handling were 
necessary to ensure that tissue cyclic AMP content was 
comparable. Cyclic AMP levels were not significantly 
different between fresh control strips and untreated 
strips from the same animal which had been stored at 40°C 
for up to 3h before equilibration at 379C (t=0.312 with 17 
degrees of freedom). A similar paired t-test revealed no 
difference between strips frozen with tongs in the 
contracted or relaxed state (t=0.280 with 17 degrees of 


freedom). 


3.3.2. Sensitivity testing. 


In view of the difficulties inherent in estimating 
drug-induced changes in cyclic AMP levels, samples from 
each animal were pooled and allocated strictly at random 
to each treatment group. After the equilibration period, 
the relaxant response to the treatment was evaluated in 
duplicate in the appropriate strip and all four strips in 
each block were frozen within a 10min interval, purified 
and assayed in the same random order. The statistical 
significance of the results was calculated by paired t- 
test or by analysis of variance (see Appendix). The 
acceptable probability of wrongfully rejecting the null 


hypothesis was set at 5h. Standard drugs chosen for 
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comparison with adenosine were isoproterenol, which 
elevates CV cise AMP levels in smooth muscle, and 
epinephrine, responses to which more closely resembled 
adenosine and contained a beta-adrenergic component 


(Section 3.1.2) 


To determine the optimal time interval at which to 
detect drug-induced changes in cyclic AMP levels and also 
to estimate the effect on this tissue of high doses of the 
Standard drugs, relaxant responses and tissue cyclic AMP 
accumulation were estimated in response to Tum 
isoproterenol and epinephrine after 10 and 60s of 
exposure. lum Adenosine was included for comparison and 
results were analysed by paired t-test. As shown in Table 
9, adenosine at this concentration induced no Change in 
cyclic AMP levels at either time of exposure, while 
evoking a mean response of 44% and 23% at 10 and 60s, 
respectively. Isoproterenol and epinephrine, on the other 
hand, appreciably elevated cyclic AMP levels at both time 
intervals. Although epinephrine, like adenosine, induced 
a tLapid initial response, the time course of cyclic AMP 
accumulation resembled that to isoproterenol, there being 
greater accumulation after 60 than after 10s. The 
increase in response to epinephrine after 10s just failed 
in significance. In view of these results, tissues were 


subsequently sampled for cyclic AMP estimation after 60s 
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Drug(dum) 


Isoproterenol % Response! 
cCAMPe 
P 
Epinephrine % Response? 
cAMP2 
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Adenosine % Response! 


cAMPe2 
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Table 9: Relaxation an 
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Paired comparisons, n=6. 
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of exposure to drugs. 


AS reported in Section 3.1, after 10min of exposure, 
O.imM theophylline had been found to antagonise responses 
to adenosine while ‘potentiating those to the standard 
drugs. Since no other purine antagonist had been revealed 
among the series of adenosine analogues and rite 
theophylline antagonises cyclic AMP accumulation in brain 
Slices and thrombocytes in response to adenosine, it was 
of interest to determine the influence of theophylline on 
adenosine=induced changes in cyclic AMP content of this 
tissue, lige theophylline were indeed a competitive 
antagonist of adenosine responses, it would antagonise any 
causative increase in cyclic AMP levels. To serve as 
controls, the effect of theophylline was also evaluated on 
cyclic AMP accumulation in response to isoproterenol and 


epinephrine, whose responses it potentiated. 


The statistical method of evaluating potentiation or 
antagonism between two drugs on any parameter is by means 
of a Model I 2-way analysis of variance, with each drug 
representing a factor which may be present or absent. 
Each block therefore consisted of a control tissue, a 
tissue treated with adenosine or one of the standard 
drugs, a theophylline-treated tissue and a tissue exposed 


to both theophylline and the test drug, all tissues being 
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from the same animal. The exposure time to theophylline 
was 1imin and to other drugs 60s. Six replications from 
different animals comprised the complete block. ici meech ts 
case the statistical term ‘interaction’, Which denotes 
non-additivity of the effects of each factor when samples 
are exposed to both factors together, is synonymous with 
drug interaction, i.e. potentiation or antagonism. lee 
statistically significant interaction does not exist, this 
analysis has the advantage of harbouring ‘hidden 
replicates' whereby the main effect of each drug is 
assessed both in the absence and presence of the other 
drug. A further discussion of the statistics employed is 


contained in the Appendix. 


To determine the lower limit of detectibility of 
changes in cyclic AMP content in response to drugs, the 
lowest dose of isoproterenol reported in the literature to 
elevate smooth muscle cyclic nucleotide levels (0.05uM) 
was employed. The effect cf theophylline on this response 
was concomitantly evaluated as described above. The data 
are shown in 3-dimensSional array in Table 10. The mean 
relaxant responses in the drug-treated strips were: 
isoproterenol 43.3 + 5.6%, theophylline +4.7 + 6.2% and 
isoproterenol in the presence of theophylline 72.0 + 3.7%, 
where a positive value represents increased amplitude of 


spontaneous contractions. The true potentiatory effect of 
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( | 
| Cyclic AMP (pmoles/mg protein) | 
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Table 10: Tissue cyclic AMP levels 60s afte 


isoproterenol + Q:1mM theophylline. 


Individual estimates of cyclic AMP content of tissues from 
six animals. 
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theophylline was evaluated on the strips receiving 
combined treatment and was 43.3 + 7.8%. The outcome of 
the analysis of variance iS shown in Table 11. A 
significant additional variance component when compared 
with the error variance (error MS) was contributed by 
different animals and by treatment with 0. inM 
theophylline, which increased cyclic AMP levels by 1.03 + 
0.37 pmoles/ng protein. The effect of 0.05uM 
isoproterenol (+0.76 + 0.44 pmoles/mg protein) approached 
Significance, while combined treatment with isoproterenol 
plus theophylline induced a change in cyclic AMP levels 
which was not significantly different from the sum of the 
individual effects of theophylline and isoproterenol. 
Thus, theophylline potentiated relaxant responses to this 
dose of isoproterenol while producing only an additive 
increment in the cyclic AMP content of strips exposed to 


both drugs. 


When the mixed adrenergic agonist epinephrine was 
similarly investigated, 0.05uM induced a relaxant response 
of 42.8 + 7.2% in strips exposed to this drug alone and 
55.2 + 5.8% in strips pretreated with 0©.1mM theophylline 
for 10min. The response of the muscle to theophylline 
alone was +11.3 + 5.3% and potentiation by theophylline of 
epinephrine responses within individual muscle strips was 
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Source of variation df SS MS Fs  &£p 
Animals Sele 3550 242.9 p<0.C01* 
0.05umM Isoproterenol 1 3.42 Bu 26 0 0.1>p>0.05 
0.1mM Theophylline 1 6.37 6e31 6.15 0.05>p>02025= 
Interaction 1 0.48 0.48 0.47 ns 
ELror 15 15.50 1.03 

Total 23 149.30 


Table 11: Analysis of variance table: Q.Q5uM isoproterenol 
versus 0.1mm theophylline. 

Abbreviations:- df: degrees of freedom; SS: sum of 
squares; MS: mean Square (SS/df); Fs: value of fFe- 


distribution (MS/error MS); p: probability of F occurring 
by chance; *: significant at 5%; ns: p>25h%. 

Relaxant responses:- isoproterenol alone 43.3 +4 5.6%; 
isoproterenol in the presence of theophylline 72.0 + 3.7%. 
Theophylline increased the amplitude of spontaneous 
contractions by 4.7 + 6.2% and potentiated isoproterenol 
responses by 43.3 + 7.8%. 
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animals and the results of the analysis of variance are 
Shown in Tables 12 and 13 respectively. In this analysis 
neither 0.05uM epinephrine nor O.1mM theophylline 
Significantly elevated cyclic AMP levels although the 
content of strips varied significantly between animals. 
Once again no additional variance component could be 
attributed to interaction between these drugs on this 


biochemical parameter. 


In summary, the following results were obtained, 
despite the variability discussed in Section 3.3.1, in 
experiments designed to test the sensitivity of the assay 
system to drug-induced changes in cyclic AMP content. 

1. uM Isoproterenol, which relaxed the muscle by 85 t¢t 
3.7% at 60s, significantly elevated the cyclic AMP content 
of the tissue after either 10 or 60s of exposure. 
Accumulation was greater at 60 than at 10s (fable 9). 
0.05uM Isoproterenol, the smallest concentration reported 
in the literature to influence smooth muscle cyclic AMP, 
caused 43.3 +4 5.6% relaxation in this tissue and an 
increase in cyclic AMP content of 0.76 + 0.44 pmole/mng 
protein at 60s, which just failed to be Significant at the 
prechosen level of 5%. 

2. Q0.05uM Epinephrine, a mixed adrenergic agonist, failed 
to elevate cyclic AMP levels significantly at 60s, while 


causing 42.8 + 7.2% relaxation of the muscle. 1uM 
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{| Cyclic AMP (pmoles/mg protein) { 
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Source of variation di SS us Fs Bp 
Animals Betis. 00m g2oa02 6 11.07 p<0.001 * 
0.05uM Epinephrine 1 0.46 0.46 0.232 ns 
0.1mM Theophylline 1 0.92 0.92 0.464 ns 
Interaction 1 0.03 0.03. 0.015 ns 
ERLOG eS 29.70 198 

Total 23 148.71 


Table 13: Analysis of variance table: 0Q.05uM epinephrine 
wersus 0.1mM theophylline. 

Abbreviations as in Table 11. 

Relaxant responses:- epinephrine alone 42.8 +4 17.2%; 
epinephrine in the presence of theophylline 55.2 +4 5.8%. 
Theophylline increased the amplitude of spontaneous 
contractions by 11.3 + 5.3% and potentiated epinephrine 


responses by 28.2 + 6.7h. 
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Epinephrine, producing 87.8 + Zein relaxation, 
Significantly increased cyclic AMP content after 60 but 
not after 10s of exposure (Table 9). 

3. Although 0.1mM theophylline, which did not decrease 
the amplitude of spontaneous activity, potentiated 
responses to 0.05uM isoproterenol or epinephrine by 43.3 + 
7.8% and 28.2 + 6.7%, cespectively, no significant 
interaction on the parameter of cyclic AMP content of the 
tissue was detected between theophylline and either 


standard drug (Tables 11 and 13). 


3.3.3. Effect of adenosine on cyclic AMP levels. 


As reported in Table 9, ‘uM adenosine did not 
influence cyclic AMP content while relaxing the tissue by 
22.8 + 2.9% at 60s. Cyclic AMP estimations in the absence 
and presence of 10uM adenosine and 0.1mm theophylline are 
shown in Table 14 and results of the analysis in Table 15. 
Neither 10uM adenosine nor theophylline significantly 
modified this parameter, nor was there an interaction 
between the drugs. The mean relaxant response to this 
dose of adenosine was 31.0 + 5.5%, which corresponded to 
45.8 + 5.7% of the maximal tissue response to 400uM 
adenosine. In the presence of theophylline, the Lresponse 
to this dose of adenosine was reduced to 10.5 + 1.9%, or 


15.5 + 2.1% of maximal adenosine-induced relaxation. In 
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Table 14: fTissue cyclic AMP levels 60s after 1QuM 


Individual estimates of cyclic AMP content of tissues from 
six animals. 
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Source of variation df 3s Ms Fs PB 
Animals 5 67292) leas oe le lo2 0.25>p>0.1 
10uM Adenosine 1 5.14 5.14 0.663 ns 
O0.1imM Theophylline 1 3.61 3.61 0.466 ns 
Interaction 1 174.19 11.19 1.442 0.25>p>0.1 
Error 15 116.32 7.75 

Total 23 204.19 


Table 15: Analysis of variance table: J1CuN adenosine 
wersus O.imN theophylline. 

Abbreviations as in Table 11. 

Relaxant responses:= adenosine alone 31.0" te eo we 
adenosine in the presence of theophylline 10.5 £ 1.9%. 
Theophylline increased the amplitude of spontaneous 


contractions by 8.0 +t 5.3% and antagonised adenosine 
responses by 68.3 + 4.9h. 
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strips exposed to both adenosine and theophylline, the 
degree of antagonism exerted by theophylline was 


calculated as 68.3 + 4.9%. 


‘Since 0.1mM theophylline had been chosen as a dose 
which did not relax the muscle and hence which minimally 
inhibited phosphodiesterase as indicated in Tables 11, 13 
and 15, the effect of a phosphodiesterase inhibitory 
concentration of methylisobutylxanthine, which did not 
antagonise adenosine responses, was determined on relaxant 
responses to a high dose of 100uM adenosine and on cyclic 
AMP accumulation in the tissue. Results are shown in 
Tables 16 and 17. Methylisobutylxanthine was present for 
10min before addition of adenosine and relaxed the muscle 
by 44.5 + 5.54%. 100uM Adenosine induced relaxant 
responses of 66.2 + 6.7% (89.7 + 4.2% of adenosine 
maximum) in the absence of methylisobutylxanthine and 76.3 
+ 4.0% (106.7 + 6.3% maximal) in its presence. 
Potentiation of adenosine responses by methylisobutyl- 
xanthine was calculated in strips exposed to both as 14.7 
$. 5.5%. The analysis of variance revealed that 10um 
methylisobutylxanthine significantly elevated cyclic AMP 
levels, the mean difference being 1.42 + 0.58 pmoles/mg 
protein. At this dose of adenosine, which relaxed the 
tissue more than did methylisobutylxanthine, the change in 


cyclic AMP content was +0.80 + 0.56 and was not 
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Table 16: issue cyclic AMP levels 60s after 100um 
adenosine + 1QuM methylisobutyixanthine. 


Individual estimates of cyclic AMP content of tissues from 
Six animals. 1: methylisobutylxanthine. 
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Source of variation df SS as Fs eee 
Animals See 5 ieo2 7. 64 p<0.001 * 
100uM Adenosine 1 3.86 3.86 2.48 0.25>p>0.1 
10uM MIX! 1 12.06 e200) Jet.) 0.025>p70.01* 
Interaction 1 ee) Bio Se) AA sls ns 
ELIror 1D. 623554 1.56 

Total 23° 739250 


Table 17: Analysis of wariance table 


versus 10uM methylisobutyl xanthine. 

Abbreviations aS in Table 11; 1: methylisobutylxanthine. 
Relaxant responses:= adenosine alone 66.2 + 6.7%; 
adenosine in the presence of MIX 76.3 t+ 4.0%. MIX reduced 
the amplitude of spontaneous contractions by 44.5 + 5.5% 


and potentiated adenosine responses by 14.7 + 5.95%. 
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Significant. No interaction was detected. 


Since 100uM adenosine produced a response equivalent 
to 90% of the maximal tissue response to adenosine, it was 
obvious that any influence of higher doses on cyclic AMP 
levels could not be correlated to muscle relaxant 
activity. Nevertheless, it was of interest to determine 
whether adenosine or ATP, like epinephrine, could induce 
cyclic AMP accumulation at high doses. Since it was no 
longer necessary to evaluate relaxant responses, six 
strips from one animal were exposed simultaneously to drug 
treatment to yield an estimate of the error of each 
observation. The three treatment groups consisted of 
control, adencsine or ATP (100uM) to re-evaluate the 
outcome of the previous experimental group and adenosine 
or ATP (18M). The effect of drug treatment on tissue 
cyclic AMP content was evaluated for each experiment by 
means of a one-way analysis of variance (see Appendix). 
The simplest technique for Comparing group means is 
through the computation of the least significant 
difference. This is derived by substituting the error 
mean square (calculated by analysis of variance) as the 
closest estimate of population variance in the equation 
for t (see Appendix) and represents the difference between 
means which would yield a t-value egual to that at the 


prechosen significance level, in this case dh. The 





Ter 


‘ 
























Fl 3 
‘aelsviegs s4aqqeq7 5 ve sebOae: safedaebs me O0t soake- 
su 2 ,e42e0eh5 07 senogest SUeEE lagiian oAz to roe 03 
(ha DEIo¥S to eocod saiplA WS Soneeheee gas sad3 avoirdo 
erp on loan é ot betsiaives sa 868° Biae0 elorat - 
pripdsids o7 saeae77t to BBV St adabsdsienen . attivisos: - 
sugour v1es phroheonige oh qaee ae adi soaeds: ay 
jy Bev 2) SSake .seeoh dell A gobtedumuess ane: ottoys Se 
eis Jdof]es2., ta0xnles -steakene oF yiseusoeg’ rspaol a 
71 o> visuoonss ite s Soqze saw len ins a6 aoz? aq tate 
xQ239. sA3 ojenitte .se Biealg 02 4 ang? eee, i 
aacD =eqpodh sheeseoss Samees oat -t02 38078840 ‘on 


‘sit aesca > (enOOr) Pa Se eateoasbs a 2 a 
it Oc aa S hae qvo ib it? 1 miisgee Spot vSTq edz 30 saoosVo a 


geniy ao @asdr503f brah 30 S560RS “eat , (hat) ha Tae Zo 
vd oieenrss03 ASE 307 bss eect 2sN $#32099 QMA antogs 
. (elhtseq4 |@42) s2anbev to ziaylens Yoveego 5 te eanen 
ei @isen Yoortre palisgso> Iw. Sap eeioes as iis om 7 
Piel eA) te. $2 62] rae ao asbier ogee - edt 
ice ae 
orn an? pat dy (a ieviien we sam 
nad Cr (oat 2 2 sana ya: 
- peng: aoe ee Cees: 
= i. - oes 


_— 







_ : 
J 2 7 











7 art 


"7 
-_ a 





» 


148 


results of the individual analyses are expressed in Table 
18. The difference in control values between parts (a) 
and (b) in the same experiment are described in Section 
3.3.1 and discussed later. Pte ces seacceDpted =» that 
adenosine and ATP influence cyclic AMP levels identically, 
the results expressed in Table 18 may be pooled and 
analysed by two-way analysis of variance to increase the 
sensitivity of the procedure to small changes in tissue 
Cycliceeane. Since in this case one of the main factors 
(animals) is random, the interaction term reflects error 
introduced by different outcomes in each of the individual 
one-way analyses (Table 18). To account for this, the 
Significance of the difference between treatment groups 
was tested by dividing the treatment mean square by the 
interaction mean square to yield the Fevalue of the 
treatments. As shown in Table 19, interaction produced a 
significant error and nec significant difference was 
detected among the treatment groups, including control. 
There was thus no indication that adenosine or ATP 
enhanced tissue cyclic AMP content even at 1mM 
concentrations. These results were as anticipated from 


inspection of Table 18. 
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Difference Cpe lea 
Expt. Inpeatment cyclic ANEt£rom control L.5.1.2 & Control 
Control 11.19 + 1.40 
150a 0O.1mM ARF 8.01 + OQ. 32 -3.18 £2 32 20. 
imM AR3 S.492 + 0. 81 -2.27 
Control oder O 6 
150b O.11mM ATP 2.20 + 0.30 +0.29 +0.78 40.8 
imM ATP PFD Pas 0k Pye AS #0.33 
Control 5.04 + 0.37 
151a 0.%mM ARF 5.27 + 0.38 40.23 +#1.04 20.6 
ImM ARS Selle) ge Ui ee +0.16 
Control iistsie) co BER PAY 
TS 1 Dee PMN eA T Pee OS et 0. 15 +0.18 40.48 2569 
ImM ATP 1.95 4 O02 23 +0.10 


Table 18: One-way analysis of variance with six tissues 
psf group. 

Cyclic AMP content is expressed as mean + see. of Six 
observations. None of the four complete analyses 
indicated significant drug effects. 1: pmoles/mg protein; 
2: least significant increase, calculated as described in 
the Appendix and expressed in the last column as _ percent 
of control mean; 3: adenosine. 
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source of variation df SS us Fs BE 
Subgroups 171 684.94 62.27 
Treatments Ye 4.76 2-38 0.509 ns 
Animals SeOo2 1G 2tteso Wile oz p<0.001* 
Interaction 6 28.01 4.67 2.53 0.05>p>0.025* 
ECror 600110.4/7 TeckS 
Total 71 795.65 


Table 19: Analysis of variance table: 
0.1 and 1ImM versus animals. 

The data summarised in Table 18 were pooled and analysed 
in a block design. *: Significant at 5%; ns: p>25%. 
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Variability of control measurements of cyclic AMP 
between different experiments is tacitly reported by all 
authors performing such measurements in smooth muscle, but 
is seldom commented upon. Inspection of published work 
reveals inherent variability of the same order as reported 
here, no matter the units of measurement employed, 
e.g. Bueding et al. (1966): 0.09-0.48 nanomoles per g wet 
weight (guinea-pig taenia coli); polacek & Daniel (1971): 
55.3 + 16.8 (mean + sS.c., n=6) ngf/100mg (rat uterus), 
implying a standard deviation of about 33 units and 95% 
confidence limits of 0-120 units; Andersson (1972): 82 + 
18 (mean + s.e., n=6-8) nmoles/g (rabbit colon), implying 
95% confidence limits of about 0-170 units and Inatomi et 
al. (1974): 0.55 + 0.07 (mean + S.¢., n=6) pmoles/mg wet 
weight (guinea-pig taenia caeci) or 95% confidence limits 
of about 27-83 units. The latter workers remarked that 
since greater variability was observed between different 
batches of guinea-pigs, only one batch was used per 
experimental set. The extraordinary variability is often 
advertantly or inadvertantly concealed within a relatively 
small standard error term which refers properly to the 
estimate of the mean value but does not accurately 
describe the population of individual controls. The use 


of mean values for control or treated groups has therefore 
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been eschewed in the presentation of results in this 
section and numerical differences only are expressed as 


mean + standard error. 


Table 8 indicates that differences such as those 
observed between animals may be reproduced within one 
animal under certain circumstances. Since the data in 
this table were obtained from strips which were not under 
tension when sampled and whose mechanical activity was 
therefore unknown, it is not possible to extrapolate these 
observations to working strips in satisfactory mechanical 
condition. Whereas cyclic AMP content appeared to 
diminish over a relatively short time in strips under no 
imposed tension, no significant difference was detected 
between control levels of fresh strips and of those stored 
for up to 3h at 4°C before mounting under tension. 
Similarly, no correlation was apparent between total time 
at 379°C and cyclic AMP content in either fresh or stored 
spontaneously active strips. Since. sampling order, along 
with treatment group, was assigned strictly randomly 
throughout, any effect of time on cyclic AMP content would 
not influence the outcome of the analyses of variance 


reported above. 


Despite strict experimental protocol, considerable 


intra-aninal variation was observed in spontaneously 
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active strips (Tables 10, 12, 14 and 16). Such tables of 
experimental results are rarely published in the 
literature, but Bueding et al. (1966) illustrate cyclic 
AMP increments in response to 0.025uM epinephrine as +17 
to +156% and to 0.5uM epinephrine as -4 to +94%. Similar 
variation in drug-induced changes is obvious in other work 
by calculation of the 95% confidence limits of the 
population of differences and may reflect either variable 
sensitivity of different animals to a particular treatment 


or intra-animal variation of cyclic AMP levels or both. 


In this muscle, no significant difference was 
detected between samples frozen in the contracted ofr 
relaxed state. It remains possible, however, that 
transient changes in cyclic AMP content might be revealed 
during the contraction/relaxation cycle if strips could 
reliably be frozen at precise points in the oscillations. 
This would require extensive study at telatively low 
temperatures since at 37°C the frequency of spontaneous 
contractions (17/min) does not allow the necessary 
precision. If fluctuations in cyclic AMP are responsible 
for spontaneous activity in this tissue, as suggested by 
Bowman & Hall (1970), a time lapse might be expected 
between peak cyclic AME levels and minimal tension 
developement, depending on the time necessary for the 


tissue to respond. Diamond & Hartle (1974) have, however, 
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found no change in either cylic AMP or cyclic GMP at four 
points in the time course of spontaneous contractions in 
rat uterus. As procedural protocol in the present 
experiments, control and drug-treated tissues were frozen 
as close as possible to the peak of spontaneously induced 


tension. 


In view of the wide range of control and _ treated 
values in this and other types of acorn muscle, 
evaluation of drug-induced changes in cyclic AMP content 
presents conceptual difficulties, firstly, because such 
changes are invariably within the range of controls and, 
secondly, because it is necessary to decide whether drug- 
induced changes are a function of their respective control 
level or are independent events. Results have been 
presented by different authors in different ways, €.g. as 
arithmetic increments by Polacek & Daniel (1971) and 
Andersson (1972) and as a function of control by Bueding 
et al. (1966) and Inatomi et al. (1974). The last 
mentioned workers perpetrated a statistical error which 
appears attractive if increments are expressed aS a 
function of control, by performing a paired t-test on data 
expressed as percentage of control. Since the t-test is a 
form of analysis of variance and the control group 
expressed as 100% contained no variance at all, the test 


performed was invalid. The purpose of its use was 
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undoubtedly to boost the effects of the three lowest of 
four doses of isoproterenol into apparent significance. 
Bueding et al. (1966) do not indicate their method of 


statistical analysis. 


Statistical procedures for detection of changes which 
are a function of control depend upon the use of the 
logarithms of the data obtained. The logarithmic 
transformation is also indicated in two other 
circumstances: 

1) where the logarithms of the data better satisfy the 
assumptions of analysis of variance than do the data 
themselves and 

2) where unwanted interaction between treatments threatens 
to obscure the outcome of the analysis, logarithmic 
transformation may reduce the interaction effect to 
insignificance. 

Calculations with the logarithms of the data reported 
above revealed that the transformation did not appreciably 
reduce the error term in the analyses of variance. Since 
no Statistical advantage was gained by this manipulation 
and since its use was likely to obscure any teal 
interaction between drug effects, the logarithmic 
transformation was statistically undesireable. The final 
decision of how to interpret the data therefore rested on 


whether or not drug effects are properly expressed as 
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functions of control. Since control levels varied widely 
in strips which appeared mechanically equivalent, a large 
proportion of tissue cyclic AMP content must be located in 
cells other than smooth muscle or in subcellular 
compartments unrelated to mechanical activity, assuming 
that the pathway proposed by Andersson (1972) for cyclic 
AMP=induced relaxation exists. Since there is no g priori 
reason to assume communication between such compartments 
and likewise no a posteriori evidence from analysis of the 
data, results have been presented above as if drug-induced 


increments were independent of basal cyclic AMP content. 


Sensitivity testing revealed this system to be as 
responsive to drugs as are other types of smooth muscle. 
Isoproterenol at 0.05uM marginally elevated cyclic AMP by 
0.76 + 0.44pmoles/mg protein while relaxing the muscle by 
43%. Methylisobutylxanthine at 10uM induced a similar 
relaxant response and significantly enhanced cyclic AMP 
Content by 1.42 + 0.58pmoles/mg protein. Nevertheless, 
adenosine at 1=-100uM, which relaxed the muscle by up to 
66%, did not significantly influence tissue cyclic AMP 
levels. Since epinephrine, a mixed adrenergic agonist 
which evoked relaxant responses resembling those to 
adenosine elevated cyclic AMP at high but not at lower 
doses, a supramaximal dose of adenosine was also employed 


to determine whether adenosine resembled epinephrine in 
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this respect. Since primary drug-induced effects, as 
opposed to secondary consequences of the response, should 
be observable in muscle under no imposed tension, the 
effects of 100uM and 1mM adenosine and ATP were evaluated 
in groups of six strips suspended together in fTyrode, 
rather than mounted in an organ bath. Whereas a 20% 
elevation (+0.48 to +2.32pmoles/mg protein, see Table 18) 
would have been Significant, the effects of these 
concentrations of adenosine and ATP were neither 


significant nor dose-dependent. 


The fact that the least significant difference in 
these one-way analyses appears to be a function of control 
probably reflects proporticnately increasing experimental 
error with measurement of larger cyclic AMP values. This 
is inevitable since the reciprocal of recovery of labelled 
tracer, a source of error which is independent of total 
cyclic AMP, is multiplied by cyclic AMP (as measured in 


the assay) to yield the estimate of total cyclic AMP. 


Although the accepted criteria for ascribing the 
mechanism of action of a drug to mediation by cyclic AMP 
demand that the drug elevate total tissue cyclic AMP 
levels, this may be an overly simplistic view. Since 
nucleotides are known to be compartmentalised within 


cells, it is conceivable that a smooth muscle relaxant 
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might elevate cyclic AMP only in a compartment associated 


With relaxation. 


Adenosine has been shown to inhibit mammalian 
adenylate cyclase quite nonspecifically, even in tissues 
where an adenosine=sensitive regulatory subunit is 
believed to exist. It remains conceivable that both 
actions on cyclase may exist concomitantly in one tissue 
and that cyclase inhibition in one cellular compartment 
may obscure the effects of stimulation of sensitive 
cyclase in a different functional compartment. Piet a is 
were the case in smooth muscle, theophylline, which is 
known to be an effective antagonist at the stimulatory but 
apparently not at the inhibitory site, and which also 
antagonised adenosine-induced relaxation in this tissue, 
might reveal a net decrease in cyclic AMP levels in 
response to adenosine. Since this possible effect of 
theophylline was not observed, there remains no evidence 
of an adenosine-sensitive adenylate cyclase in this 
tissue. Since accumulation of cyclic AMP through 
stimulation of adenylate cyclase should be enhanced when 
phosphodiesterase is inhibited, 10uM methylisobutyl=- 
xanthine should have revealed any stimulatory effect of 
100uM adenosine on cyclase. Since no interaction between 
these drugs on cyclic AMP levels was detected, one must 


again conclude that adenosine does not stimulate cyclic 
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AMP formation. Methylisobutylxanthine potentiated 
responses to 100uM adenosine by 15%, but owing to the 
marked decrease in amplitude of spontaneous contractions 
induced by the phosphodiesterase inhibitor, this effect 


appears artifactual. 


It was hoped that interaction between drugs on the 
parameter of cyclic AMP accumulation would be demonstrated 
using theophylline and isoproterenol or epinephrine. For 
the reason just discussed, the optimal dose of 
theophylline for observing potentiation was one which did 
not relax the muscle. Since phosphodiesterase inhibition 
has been associated with snooth muscle relaxation 
(Kukovetz & Poech, 1970, Lugnier et al., 1972 and 
Andersson, 1973b) this dose of theophylline was 
anticipated to exhibit only threshold inhibition of 
phosphodiesterase. Since in two out of three experiments 
theophylline failed to elevate cyclic AMP levels 
significantly, this was obviously true. The failure to 
detect significant interaction in these analyses may 
reflect the fact that response is not linearly related to 
cyclic AMP accumulation. if, for example, the dose-effect 
curve between change in cyclic AMP and relaxation is 
sigmoidal, even an undetectably small increment in cyclic 
AMP, caused by a dose of theophylline which alone did not 


relax the muscle, might promote a considerably greater 
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response to another agonist because of additive effects on 
cyclic AMP. Alternatively, interaction may be present but 
so small at these doses relative to the inherent error as 
to be insignificant. In all analyses of variance where 
interaction between drugs was sought, the ratio of 
responses to adenosine or catecholamines in the individual 
strips in which cyclic AMP was measured, accurately 
reflected the true ratio of potentiation. This ratio of 
potentiation was determined as the ratio of Beaton cee 
before and after treatment with theophylline or 


methylisobutylxanthine in strips exposed to both drugs. 


Apart from the lack of stimulatory effects of 
adenosine on cyclic AMP levels, it is also noteworthy that 
no Significant decrease in cyclic AMP content was observed 
using up to mM adenosine. This effect might have been 
based on the marked (up to 71%) inhibition of isolated 
adenylate cyclase from this tissue. At high 
concentrations adenosine permeates biological membranes by 
Simple diffusion (see Section 1.1.1) and 1mM extracellular 
1*Ceadenosine appears capable of enhancing intracellular 
concentrations of 1!*C-label in erythrocytes to about 10um 
within one minute (Roos & Pfleger, 1972). These workers 
did not, however, identify the chemical nature of the 
intracellular label. Since a battery of enzymes with 


different Km values for adenosine exists in all tissues, 
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it is certain that a considerable proportion of the label 
had been converted to adenine nucleotides, inosine, 
hypoxanthine or other metabolites. Even if similar rapid 
entry of adenosine occurs in smooth muscle at an 
extracellular concentration of mM, it is unlikely that an 
intracellular concentration of 10uM of adenosine per sé 
would be maintained. Adenosine has been found to diminish 
cyclic AMP levels in adipocytes and fat cell ghosts (Fain 
Steal gers i2,elain,) 121s and Schwabe et. al., 1973), ° Dut 
only in the presence of lipolytic agents. It has also 
been reported that AMP and ADP inhibit eyoigee while 
inosine does not (Moriwaki & Foa, 1970). The degree of 
inhibition of cyclase in any tissue exposed to high 
concentrations of adenosine may therefore also depend upon 
the particular metabolic products formed in that tissue. 
Failure of 1mM adenosine to decrease cyclic AMP levels in 
smooth muscle may therefore be due to its inability to 
raise the concentration of adenosine or nucleotides at the 
Site of inhibition of adenylate cyclase to 10uM, the 
minimum for observable cyclase inhibition in broken cells. 
This finding constitutes some support for the idea that 
adenosine inhibition involves an intracellular site, most 
likely the catalytic unit of the enzyme system facing the 


cell interior. 
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The inhibition of the amplitude of Spontaneous 
contractions induced by adenosine and several 
phosphorylated and non=-phosphorylated analogues over the 
dose range of 0.1-100uM is concluded to be due to a direct 
action on the muscle and to be mediated by an 
extracellular receptor. The moieties found to be 
necessary for receptor activation by purine Rit leosi ice 
were a primary or secondary amino group on the N6=-position 
and hydroxyl groups at _ the Pa and 3'-positions. 
Adenosine and its nucleotides were equipotent and 8- 
bromoadenosine was inactive. Responses to adenosine and 
nucleotides were antagonised by prior exposure to 
effective doses of these agents, possibly by means of an 
intracellular action of adenosine. This effect was 
readily reversible after washing. Investigation of a 
series of available adenosine analogues did not reveal a 
competitive antagonist. Antagonism was, however, exerted 
by 0.1mM theophylline at which concentration it minimally 
modified the amplitude of spontaneous contractions but 
potentiated responses to epinephrine and isoproterenol. 
The antagonism could be overcome by high concentrations of 
agonist. Since adenosine responses were not appreciably 
modified by the phosphodiesterase inhibitors papaverine 


and methylisobutylxanthine Or by imidazole, no 
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pharmacological evidence of cyciic AMP mediation in 
responses was obtained and it as unlikely that 
theophylline antagonism was related to its ability to 


inhibit phosphodiesterase, 


Adenylate cyclase, prepared from various tissues of 
several species, was uniformly inhibited by adenosine at 
or above 10uM. In basal and fluoride-stimulated enzyme 
from rat brain and rabbit heart, inhibition was found to 
be noncompetitive with respect to ATP. In no tissue was 
Significant stimulation of broken cell adenylate cyclase 
observed with adenosine. Analogues sharing with adenosine 
the capacity to inhibit adenylate cyclase from rabbit 
intestinal longitudinal muscle bore no correlation with 
analogues which relaxed the muscle, Although these 
findings do not relate directly to the proposed hypothesis 
of adenosine action, they indicate that the ubiquitous and 
pronounced inhibition of cyclase seen with adenosine is 
not necessarily related to pharmacological responses, 
although such a possibility seems to exist in adipose 


tissue. 


Whereas isoproterenol, epinephrine and the 
phosphodiesterase inhibitor 1-methyl,3-isobutylxanthine 
all significantly enhanced cyclic AMP content of rabbit 


intestinal longitudinal muscle strips, adenosine did not 
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significantly influence cyclic AMP levels over a dose 
range of 1-1000uM. ATP was also ineffective at 100 and 
1000um. Since neither the adenosine antagonist 
theophylline not the phosphodiesterase inhibitor 
methylisobutylxanthine modified this outcome, no support 
was obtained for the hypothesis that adenosine= and ATP-= 
induced inhibition of spontaneous activity in this muscle 


involves mediation by cyclic AMP. 


Since total tissue cyclic AMP appears to bear no 
correlation with muscle tone, the hypothesis might be 
further tested using the technique for measuring newly- 
formed cyclic AMP by prelabelling specific nucleotide 
pools (Shimizu et al., 1969). This technique measures 
more directly changes in cyclic AMP production due to 
drug-induced stimulation of adenylate cyclase. Such 
experiments would be particularly worthwhile if, pursuant 
to the finding of competitive antagonists, adenosine were 
found to have more than one mechanism of action in smooth 
muscle. It is further possible that, rather than 
elevating tissue cyclic AME, adenosine may relocate the 
nucleotide within the cell by inducing changes in the 
cytoskeleton. The investigation of the latter possibility 
is unfortunately as yet beyond the scope of current 
technological prowess. In view of the results of this 


study, however, which failed to detect Significant 
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elevation of cyclic AMP even at high doses, it is more 
likely that an explanation to the problem of how these 
substances relax smooth muscle will be revealed by 
studying their effects on calcium binding in subcellular 


membrane fractions, particularly plasma membrane. 


Since autoinhibition of alpha-adrenergic responses in 
vascular and uterine smooth muscle has been associated 
with the existence of subthreshold, Opposing beta= 
adrenergic effects of epinephrine, the interesting 
possibility exists that the autoinhibition ne adenosine 
and ATP is also a manifestation of opposing effects of 
these substances in intestinal muscle. Further 
investigation of this phenomenon might reveal whether 
transport into the tissue is a prerequisite of this effect 
and whether a structure-activity relationship exists for 
the ability of analogues to induce autoinhibition. In 
such a way, a further understanding of the complexity of 


the adenosine response in smooth muscle might be obtained. 
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APPENDIX. 


The equation for a Model I one-way analysis of variance is 

represented as: 
a) Lag 

where Me is the measured value of the jth sample in the 7th group 

u is the grand mean of the population 

a. is the fixed deviation of the mean of group 7 from yu, due to 

a particular treatment 

a is an independent, normally distributed variable, with a 

mean of O and variance equal to the population variance, G-. 


The expected error mean square (within groups) is o* and the mean 





: n s 2 
Square among groups is of + I pole where a = the number of items in 


a group and n = the total number in the analysis. The significance 


of the term containing a? 


is tested by dividing the mean square 
among groups by the error mean square to obtain the value of F, 
(gia f [%a2]) and consulting statistical tables for the probability 
of this value occurring with the appropriate degrees of freedom. 
This analysis was performed using the computer programme ANOVA2 in 
APL elLoLarye « When only two groups are present, this analysis is 
equivalent to the unpaired Student's t-test, with BOS Eee The 
equation for ¢t is: 

(iy - Yo) SC 

pa 
there a and ye are estimates of the means of groups 1 and 2 


(yj, and tio), respectively. 
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Since by. tCheswNul ehypothesis, n= Uo: 


2 


Slee Ae ap Eoiny an MD ecccoray 


Substituting the value of t at a significance level of a and v degrees 
of freedon, 

Yi “ Yo = Least significant difference. 
If the test is one-tailed and ¢ is substituted appropriately, 

Y SS Least significant increase (or decrease). . 
Piicmvaluemismiseluletoreiiiustration o1 the difterences between 
treatment groups, although not all comparisons are mathematically 
valid. 

The two-way analysis of variance reported in Table 20 was a 
mixed model, one factor being fixed and due to treatments, while the 
other factor (animals) was random. There were six encore in 
each group. The equation for this analysis is: 

Viak eh Sp a uF i =P Yd aF Esak 


where Ot is the fixed treatment effect for the 7th treatment group 


ae is the added variance component due to the gth animal 
as is the interaction between the tth treatment and the jth 
animal 


is normally distributed, with mean = O and variance = oe 


“tak 


The expected mean squares are: 


D Di nb D 
= 4. = 
Treatments O- sp Tao AxB a 0} 
Animals: o2 =f nag*, 
° 2 2 
iE $ Of ar sale) 
Interaction AxB 
Rjeie(ohe 2 o2 


where a = number of items per treatment group and b = number of items 
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per animal. The FS value for added variance due to animals 
(ik ais nlos 1) is obtained by dividing the appropriate mean square by 
the error mean square, while the F, Value for treatments is the 
quotient of treatment mean square and interaction mean square. This 
analysis was performed using the method described in 'Biometry' by 
ReRe Sokalest hod. Rohlf (1969), Freeman Press’. When only two 
treatment groups are present, this analysis reduces to the paired 
G-test. 

The complete block design of two-way analysis with replication 
was performed using the computer programme ANOVA in APL Library 2. 
This is a programme for 3-way analysis of variance, with a facility 
for pooling all interaction terms involving a random factor if the data 
are entered appropriately. In the situation where an interaction 
between drugs is sought, with replication from different animals, the 
apparent interaction terms between animals and drug A, animals and 
drug B, and animals and AxB interaction may be considered to reflect 
the error inherent in the biological system. The equation for the 
analysis was therefore: 


rpg UL eG TE sek ee cae 
where a, is the fixed treatment effect of drug A at the 7th level 
8. is the fixed treatment effect of drug B at the jth level 
y.. is the interaction between treatments A and B 
Dy is the added variance due to the kth animal 
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Sse normally distributed, with mean = O and variance = o 


The expected mean Squares are: 
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D By nbc Sy 2 
: as ce mre 
Drug A fe) nbo AC 2ae] a 
; 2 2 nac 2 
Drug B: Oana a0: BC ae b-1 Be 
Animals o* + nabo*, 
Ae Ppeinterace1on o2 + ne bi 2 


2 
Me ge" (ec Gab) 


Error o2 


(ab - 1) 


This error mean square is used for testing all main effects and the 


AXBeanteraction. 
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